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Abstract
Treavor A. Kendall. MS, May 1999 Geology
Early D iagenesis o f  Thermal Spring D eposits (pp.)
Director: Dr. N ancy W. Hinman /v w
Thermal spring deposits are often targeted in the search for early life on Earth and possibly  
prim itive life on Mars. This is because o f  the excellent fossilization  potential inherent with the 
oversaturated conditions and high mineralization rates characteristic o f  thermal spring system s. 
H ow ever, the porous and often friable nature o f  thermal spring deposits m akes them susceptible  
to m echanical weathering. A s a result, rapid and significant d iagenesis including secondary  
m ineralization and pore filling must occur for these rocks to persist in the geo log ic  record. 
M odem  sinter sam ples were collected  from two outcrops, E xcelsior G eyser Crater and Potts’ 
Basin, in Y ellow stone National Park to determine early diagenetic processes in thermal spring 
deposits. Emphasis w as placed on the diagenetic pathway by w hich m icrobial evidence is 
preserved. Fluid chem istry characterization and techniques in petrography and electron  
m icrscopy revealed textural controls on A1 and TOC concentrations at both sites. Alum inum  
concentrations appear to be concentrated in and around microbial filament m olds, which are the 
primary form o f  b iogenic evidence in these deposits. It is speculated after com plexation with 
organics derived from remnant microbial material, declines in pH and temperature associated  
with early diagenetic processes (e.g., shallow  burial, meteoric water infiltration, soil formation, 
and organic degradation) apparently im m obilizes A1 around filam ent structures. This localization  
o f  A1 could  serve as a biomarker in thermal spring deposits, although possib le contam ination  
from thin section preparation precludes a definitive conclusion. TOC concentrations appear to be 
low er in sinter breccias, relative to concentrations in palisade sinters (p -value=0.093). This may 
reflect increased leaching o f  organics from the fragmented filam ents that are characteristic o f  
breccias; or advanced organic degradation resulting from increased nutrient supply. Both o f  these 
m echanism s are facilitated by the relatively more perm eable nature o f  the breccias. Hydraulic 
properties also appear to control overall consolidation during early diagenetic advancement. The 
breccias’ porous nature results in an initial sequence that is perm eable and less resistant in 
outcrop. C onversely, sinters with palisade fabric are initially resistant, but are less porous than 
the breccias. The younger E xcelsior sequence represents these initial conditions with palisade 
layers protruding from the outcrop and the more saturated breccia layers receding into the crater 
w all. The Potts’ Basin sequence is thought to represent a later stage in the same sequence. Here 
the breccia layers are m assive; have undergone marked textural degradation, and increased pore 
filling; and appear more resistant than the palisade layers. Over time, it is likely interflow is 
focused through the more transmissive breccias. A lthough the palisade fabric possesses an initial 
structural coherence that is greater than the breccias, the greater flow  through the breccias leads to 
increased consolidation such that the breccias surpass the palisade sinters as the more resistant 
layer. The textural degradation and clast dissolution that also results from the increased flow  may 
explain the lack o f  brecciated textures in ancient spring deposit in spite o f  their ubiquity in 
m odem  system s.
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CHAPTER 1 -  Introduction
Evidence o f primitive life and early environments are initially preserved in thermal spring 
deposits because o f the excellent preservation potential inherent with oversaturated 
conditions and high mineralization rates. Rapid entombment (e.g., silicification or 
calcification) o f microbial structures is well documented in modem day systems found in 
Yellowstone National Park, New Zealand and Iceland (Schultze-Lam et al., 1995;
Hinman and Lindstrom, 1996; Jones et al., 1997). However, the porous and often friable 
nature o f these sinter deposits makes them susceptible to mechanical weathering and 
compaction. As a result, significant diagenesis including secondary mineralization, 
replacement and pore filling must occur for these rocks to persist in the geologic record. 
Limited work on lithification o f siliceous sinters has focused on the initial generation o f 
biogenic and abiogenic fabrics through mostly opaline (amorphous silica) precipitation 
(Schultze-Lam et al., 1995; Braunstein and Lowe, 1996; Farmer et al., 1997; Jones et a l, 
1997). It is, however, a more resistant chalcedonic/quartz-style permineralization that 
characterizes ancient (Devonian to Pennsylvanian) fossil examples of spring deposits 
(W alter et al., 1996). Under early diagenetic conditions that are not well understood, 
primary deposits, or selected horizons therein, may either remain unlithified, be cemented 
with preservation o f biogenic and abiogenic fabrics, or be cemented with diagenetic 
alteration and partial masking o f texture.
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Project Significance  -  Relation to NASA 's Program in Exobiology
A characterization o f early diagenesis in thermal spring deposits is important to NASA’s 
Exobiology directive to understand the early evolution of life on Earth and other planets, 
including Mars. Under this directive, recent investigations have focused the search for 
early life on extreme environments, such as high temperature, supersaturated thermal 
systems (W alter and Des Marais, 1992;Hinman, 1997). This is, in part, because modem 
day thermal springs harbor areally extensive communities of stromatolitic microbial 
mats, which are arguably a modem analog o f the first significant evidence of life (Walter 
and Des Marais, 1993; Blankenship and Vermaas, 1994). Further, molecular 
phylogenetic studies indicate that a geothermal environment supported the 
hyperthermophyllic lifestyle o f the last common ancestor of extant life on Earth (Cady et 
al., 1997). Reconnaissance data support the possibility that thermal springs were 
widespread on Mars. Evidence o f hydrothermal activity on the Martian surface includes 
the association o f stream headwaters with volcanism, the detection of epithermal 
hydrothermal deposits by airbome magnetometers and apparent hydrothermal alteration 
in Martian meteorites (Walter and Des Marais, 1993; Farmer, 1996; NASA, 1997). Thus, 
subaerial thermal spring deposits (i.e., Dao Vallis-Hadriaca Patera?) are regarded as 
excellent targets in the search for a fossil record on Mars because o f their association 
with primitive life on early Earth, and the high biological productivity and pervasive 
early mineralization typically associated with such systems (NASA, 1997).
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Examination o f m odem and ancient thermal systems on Earth will afford a better 
understanding o f the processes of the early evolution of life and the environment in which 
it evolved. Further, studying the early diagenetic process by which biogenic infomiation 
is preserved in the rock record is essential in guiding the search for evidence o f primitive 
life. For instance, identifying an early diagenetic sequence that results in good 
preservation o f microbial evidence can focus the search towards specific deposits, rock 
types or sinter textures. Prediction and correlation is essential in establishing this link 
between an initial diagenetic sequence and the observed end products. Ultimately, this 
information can be extrapolated to Mars to aid in site selection and sample collection and 
analysis.
Background and Approach
Berner (1980) defines early diagenesis as the sum total o f post-depositional changes that 
occur in a sedimentary body within a few hundred meters o f the surface-water interface. 
Sequence uplift, exposure or metamorphism and other mid to late stage diagenetic 
processes are not included in this definition. Berner (1980) focuses on marine and 
lacustrine sediments, and identifies compactive dewatering, destruction o f texture by 
burrows, diffusion o f solutes, dissolution o f minerals, bacterial decomposition of organic 
matter, and formation o f concretions as primary early diagenetic processes. Herein, this 
definition, with minor modification, is appropriate and is used for thermal spring 
deposits. Additionally, specific diagenetic factors in hot spring systems that are normally 
absent in marine and lacustrine studies include prevalent subaerial exposure, mechanical
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weathering, increased saturated flow conditions characterized by higher gradients and 
larger flow volumes, periodic undersaturated or vadose conditions, and the destruction of 
texture by terrestrial plants and animals.
In contrast to the paucity of diagenetic research on siliceous sinters, extensive work has 
been done on marine and non-marine carbonates (Bathurst, 1975; Berner, 1980; Chafetz, 
1985; Moore et al., 1992; Liu and Rigby, 1992), including some hydrothermal carbonates 
(Love and Chafetz, 1984). Precipitation in both silica and carbonate systems is driven by 
the degree o f oversaturation. Unlike silica, however, carbonate precipitation is heavily 
influenced by chemical (e.g., Pco2) rather than physical (e.g., temperature, evaporation) 
processes (Hinman, 1997). However, the techniques and principles used to determine 
early diagenetic sequences in carbonates can also be applied to silica cementation. For 
example, depth-dependent zonation o f cement morphology under saturated or unsaturated 
conditions is evident in both systems (Chafetz et al., 1985; Hinman, 1997). Some 
common diagenetic parameters between silica and carbonate systems include bulk 
density, porosity and permeability, mineral phase, level o f cementation and total organic 
carbon (TOC) content. Further, derived carbonate diagenetic sequences (i.e. Folk and 
Chafetz, 1984) can provide a good construct by which a general diagenetic sequence of 
thermal spring deposits may be modeled.
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Processes o f silcrcte formation may also be relevant to early diagenesis in thermal spring 
deposits. Both processes occur in near-surface, silica-rich environments; exhibit 
solubility-controlled redistribution o f amorphous silica; and are dependent on interstitial 
fluid flow and permeability. Silcrete formation also represents a possible analog to the 
development o f secondary opal substrates commonly observed in siliceous sinters 
(Hinman, 1997). Moreover, many techniques and parameters used in silcrete 
investigations, such as electron microscopy, microprobe analysis, optical petrography, 
fluid chemistry and bulk soil (or sinter) chemistry, are applicable to this study (Thiry, 
1991; Khalaf, 1988; Smale, 1973).
The sequences addressed in this investigation are relatively young in contrast to studies in 
silica diagenesis and marine chert formation that characterize processes on the order of 
10^ - 10  ̂years (Hein et al., 1978; Isaacs, 1982). Nevertheless, these studies represent an 
important source o f background information on silica cement textures and early silica 
phase transition and distribution (Hesse, 1989; Keller and Isaacs, 1985; Williams and 
Crerar, 1985a&b; von Rad et al., 1977). For example, W illiams’ et al. (1985a&b) 
thorough discussion o f the thermodynamic and kinetic controls on silica diagenesis 
identifies key factors to consider, including solubility, surface area, particle size, 
complexation and adsorption. Interesting to note, temperature is not a necessary 
parameter in their model o f diagenetic alteration. They propose the primary effect o f
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temperature is to speed up the rate of precipitation and dissolution (Williams and Crerar, 
1985a).
In summary, procedural and technical analogs in carbonate and silica diagenetic 
investigations provide a basis for the study o f thermal spring deposit alteration. Unique 
characteristics o f thermal systems to consider, however, include elevated initial/surface 
temperatures, and thus faster kinetics, supersaturated conditions with respect to silica, 
extensive subaerial exposure and microbial influences. Also the shallow nature o f the 
deposits being studied differ from marine and lacustrine systems that are usually beneath 
10s to 1000s o f meters o f water. As a result, burial and compaction are not factors to 
consider in this study. Nevertheless, many of the traditional diagenetic methodologies, 
analytical techniques and basic thermodynamic and kinetic relationships applied to silica 
and carbonate diagenesis in marine and lacustrine systems may be applied to thermal 
spring deposits.
Problem Statement
Due to their friable and often porous nature, siliceous sinters must undergo significant 
changes after initial deposition to remain in the rock record. The problem is to identify 
the pathway by which biogenic evidence contained in various textures survives early 
diagenesis.
The main questions posed to address this problem are as follows:
15
• What is a typical diagenetic sequence for a given set o f microfacies?
• What are important chemical or physical parameters that will help resolve this
sequence?
• W hat part o f the diagenetic sequence destroys biogenic evidence and what part 
preserves it?
• How does a layer’s initial texture influence subsequent diagenetic change?
• What is the role o f hydraulic properties, such as porosity and permeability, in
secondary cementation patterns in thermal spring deposits?
• Is there a set o f initial conditions related to texture, rock type, porosity, interflow/fluid 
chemistry, or sinter geochemistry that increase the probability certain sequences will 
persist while still retaining biogenic evidence?
A hypothetical diagenetic sequence for spring deposits includes the destruction o f texture 
and biogenic evidence by mechanical weathering, fluid infiltration from either meteoric 
and/or thermal waters, secondary infill via a coat-then-fill process, and eventually, 
massive silicification leading to a more chalcedonic or chert type deposit. Based on the 
relative scarcity o f fossils in ancient thermal spring deposits (W alter et al., 1996), it will 
be under special conditions within the normal diagenetic sequence that biogenic evidence 
is preserved. Trends or anomalous values in certain indicators, such as porosity and 
TOC, will help characterize these conditions. Further, it is hypothesized that certain
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initial conditions will contribute to the preservation o f biogenecity, some, such as texture 
and paragenetic history (breccia type), more than others. Microbial structures or casts of 
structures may be classified as microfossils after they have undergone complete, and 
more importantly, resistant style o f silicification. Specifically, this style will include full 
replacement with chalcedonic or quartz material. Nevertheless, this process may not 
produce a microfossil that could be conclusively recognized as biogenic in origin. Other 
evidence such as the presence of signature organic compounds (i.e., PAHs) or chemical 
biomarkers might be necessary for such a determination. A key to the mineralization of a 
deposit and microbial evidence is a mechanism by which solutes are transported into and 
out o f the system (Bathurst, 1985). As a result, it is thought sequences that are initially 
more transmissive will show a greater amount of secondary cementation in a given time 
period.
To determine the utility of the proposed diagenetic sequence described above, the 
following objectives were pursued:
1. Describe and identify sinter types, facies and microfacies at each site.
2. Identify cement composition and its distribution with respect to microbial structure.
3. Describe changes in the occurrence, structure and composition o f microbial material 
(e.g., filaments) between sites and with depth.
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4. Determine the relationship, if any, between layer consolidation and textural and 
hydraulic properties of the sinter.
5. Characterize the sinter geochemistry and fluid chemistry at each site, citing changes 
with depth and texture as indicators of secondary processes.
The hypotheses were tested during a detailed study of two sinter sequences located in 
Yellowstone National Park, Wyoming. The study sites chosen for this investigation were 
the east facing wall o f the Excelsior Geyser Crater in the Midway Geyser Basin, and a 
lake-cut outcrop near Potts* Basin. The sites were selected based on sequence exposure, a 
hypothesized difference in the age of the two deposits and accessibility. Site accessibility 
for extended periods was important to enable field observation, section description, and 
water and rock sample collection. Because of safety issues and park regulations, 
however, access to the Excelsior crater was much more limited than access to Potts* 
Basin. As a result, a smaller data set was collected at Excelsior. Collectively, the two 
sequences are representative o f most modem and ancient (Late Devonian to 
Mississippian) siliceous spring deposits (Walter et al., 1996; Hinman and Lindstrom, 
1996), and historical geochemical data are available for each site. Figures 1 and 2 are 
surficial geologic maps, which accompany the following brief discussion of the geology 
of the two outcrops.
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Excelsior Geyser Crater
Excelsior Geyser Crater (EGG) was generated through a spectacular series o f explosions 
o f water and debris during 1878 and the 1880s (Christiansen and Hutchinson, 1987). A 
large, 100-meter wide, spring- fed pool, which has since filled the crater, drains into the 
nearby Firehole River. Directly upgradient of Excelsior is Grand Prismatic Spring, which 
is thought to be a source o f the interflow fluids feeding into the crater wall. Large 
amounts o f high temperature, overland flow from Grand Prismatic also drains into and 
around Excelsior. As a result the entire area is barren o f vegetative cover or soil. 
M appable sequences in the area, as identified by Muffler et al. (1982) include a 0.3 to 4.5 
meter thick Holocene sinter composed of white to light-gray amorphous silica deposited 
by flowing thermal water, and a late Pinedale well-sorted, unconsolidated glacial sand 
and gravel that occurs as broad, flat alluvial terraces. Although the outcrop o f interest is 
contained entirely in the Holocene sinter, it is interesting to note in the north-northeast 
portion o f the Grand Prismatic drainage (see Figure 1) the Pinedale elastics are 
anomalously consolidated by opal cement (Muffler et ah, 1982).
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Figure 1. Surficial geologic map of area around Excelsior Geyser Crater, Midway 
Geyser Basin, Yellowstone National Park showing study site.
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Potts ’ Basin
Located at the southern end o f the Potts’ Hot Spring Basin along the shore o f Lake 
Yellowstone (West Thumb), the second site contains Holocene siliceous sinters deposited 
on top o f a hydrothermally altered silica-cemented sand and gravel. A 0.1-meter layer of 
soil, low brush and a stand o f pine trees overlie the entire sequence. The relatively fresh 
outcrop face was recently exposed when a large (3-4 m X 6-7m) block broke off into the 
lake. Fortunately, the fallen block was not submerged and layers from the block could 
easily be correlated with layers in the outcrop for additional information. Explosion 
Spring, a likely source o f interflow fluids and runoff, is approximately 100 meters 
upgradient from the site. The lower unit o f altered sand and gravel is included in this 
study because the cements coating the grains have a similar appearance to those found in 
the overlying sinter. Although not mapped at this locale, this massive red to grey unit 
may represent either altered Pinedale sand and gravel lacustrine deposits (plsg), altered 
Bull Lake sand and gravel lacustrine deposits (blsg), or the Pinedale explosion sequence 
associated with the Duck Lake Crater (phe) that formed approximately 20,000-40,000 
years ago (Muffler et al., 1971) (Figure 2).
M ethods
The following outlines the approach used to address the objectives listed above. 
Techniques were often used for more than one objective.
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Objective 1. Describe and identify sinter types, facies and microfacies at each site.
Field and hand sample observations were used to identify and describe sinter types and 
facies at each site. A field description and sketch of each outcrop was completed before 
collecting hand samples at selected depths. Sample intervals were chosen to provide an 
adequate representation o f the outcrop by including all major textures and microbial 
facies observed in the immediate area. Additional notes were made on the location of 
surrounding thermal features, overlying vegetation, and relative outcrop saturation.
A total o f 26 samples, thirteen from each site, were transported back to the laboratory for 
more detailed hand sample descriptions and microfacies identification. Here, microfacies 
are defined as texturally distinct sinter layers that represent various styles and levels of 
biotic and abiotic silicification; differences in channel water chemistry and temperature; 
or different microbial populations. Microfacies identification and description allows 
categorization o f the sequence into distinct sections. Also, once characterized properly, 
microfacies can often be correlated between thermal spring deposits in different locales, 
or even in deposits o f different ages. For example, Walter et al. (1996) found that 11 of 
the 13 microfacies identified in the Late Devonian thermal spring deposits in the 
Drummond Basin, Queensland, Australia were also recognized in modem sinters.
Microfacies identification requires classification of texture and microbial morphology 
and characterization o f silicification. This information was provided by hand sample
23
observations using a hand lens and stereoscope, and by thin section observation on a 
pétrographie microscope. Thin section preparation procedures began by selecting a 
portion o f the sinter to be sampled. Most o f the samples were taken from the surface o f 
the outcrop and often contained a siliceous scale or a weathering rind on one side o f the 
sample. Blocks selected for thin sections did not contain these surficial artifacts. Some 
o f the more friable blocks were stabilized in an epoxy resin before cutting, grinding and 
polishing. Thin sections were ground to a thickness o f 0.25 pm using a corundum grit. 
Subsequent analysis, however, revealed the grit was a source o f A1 contamination. When 
possible, top and bottom orientation information was translated from the samples to the 
slides. Pétrographie descriptions were completed using low, plane- and cross-polarized 
light.
Objective 2. Identify cement composition and its distribution with respect to microbial 
structure.
X-ray diffraction patterns (XRD) and semi-quantitative energy dispersive x-ray 
spectrometry (EDS) supplemented minéralogie information derived petrographically. 
Collectively these data were used to determine cement composition.
Six samples of isolated cements (5-6 grams each) were ground up for powder XRD using 
an agate mortar and pestle. Periodic comparison o f the pre-processed sample weight to 
the processed sample weights revealed minimal to no shedding of the mortar or pestle 
material into the sample. Powdered samples were back loaded into a sample holder and
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placed into the x-ray chamber. Analyses were completed on a Philips Norelco XRD Unit 
and a Scintag X-ray Powder Diffraction Spectrometer operating at ~30 kV and -2 0  Ma. 
Most runs spanned a 2 to 40 degree 20 range. The mineral and silica phase o f the 
cements was determined by comparing the processed data to tabulated database values 
and to XRD patterns from previous studies on silica diagenesis (Her, 1979; von Rad et 
al., 1977; W illiams et al., 1985a).
EDS analysis on cements were completed on thin sections and bulk sinter samples 
mounted on aluminum stubs. Two different instruments were used for EDS analysis; a 
JEOL Model 6100/NORAN scanning electron microscope with EDS and a CAMECA 
sxlOO scanning probe microanalyzer. The JEOL 6100 data set was collected using 
“standardless” quantitative analysis, which has an error o f 1-2 weight percent and a 
detection sensitivity o f approximately 0.1%. The CAMECA sxlOO data set was collected 
after the instrument was calibrated with six standard mineral samples that contained the 
elements o f interest. Standard calibration reduced the error to around 0.5%. Sensitivity 
on the CAMECA sx 100 ranges from 0.01% to 0.1% depending on the element of 
interest. Thin sections and bulk samples from both sites were gold and carbon coated 
(250-300 angstroms), mounted to the sample stage with carbon tape and analyzed at 10- 
15 kV with a beam or spot diameter o f approximately 1-3 pm. Line or point EDS 
analysis was completed on five samples from Excelsior and six samples from Potts’
Basin and x-ray maps were generated from selected areas on two Excelsior thin sections
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and four Potts’ Basin thin sections. The locations o f EDS point analyses were identified 
after the analyses using the bum marks that are left on the slide from the electron beam. 
These marks were most recognizable under reflected light at a magnification o f 40X- 
50X. After locating analysis points in thin section, recording textural notes on the areas 
around the analysis points and post-processing the data, concentrations were entered into 
a database for statistical analysis and comparison. The EDS data aided cement 
identification by qualitatively confirming the presence o f elements implied in phase 
determinations based on the XRD pattern.
Cement distribution was determined during hand sample and pétrographie observations, 
carried out as described in Objective 1, and also by using scanning electron microscopy 
(SEM). Bulk samples and carbon-coated thin sections from both sites were mounted on 
aluminum stubs and coated with gold/palladium by sputter coating. Samples were 
imaged with the SEM using secondary electron signal (SEI) detection at an accelerating 
voltage o f 15 or 20 kV. The bulk samples were the most difficult to image. In spite of 
coating procedures, the insulating nature, low surface density and roughness of the sinter 
often inhibited image quality and resolution. Applying a slightly thicker (300 vs. 250 
angstroms) film o f the conductive coating, and, securing the fully dry sample to the stub 
mount with conductive adhesive or paint, proved to be a successful preparation 
procedure. Further, the best bulk sample images were obtained at an accelerating voltage 
o f 20 kV. Thin sections were imaged at an accelerating voltage o f 15 kV. Images were
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recorded on black and white Polaroid (Type 55) film and scanned into a digital format 
using the tagged image file (tif) format. Image enhancement was completed using 
standard photo processing software.
Objective 3. Describe changes in the occurrence, structure and composition o f  microbial 
material (e.g., filam ents) between sites and with depth.
The size o f the microbial material requires observations to be made at the millimeter to 
micron scale. As a result, this objective was pursued using pétrographie and SEM 
techniques. Sample preparation and analytical procedures are described above. 
Pétrographie and SEM observations on filament dimensions, structure, encrustation and 
infill patterns were collected from a progressive sequence o f samples representing 
various textures from different depths. All o f these parameters were compared within 
and between sites to identify textural or depth dependent relationships. EDS analyses 
provided semi-qualitative estimations o f the composition o f the various areas of the 
microbial structures, including the filament walls and interiors.
Objective 4. Determine the relationship, i f  any, between layer consolidation and textural 
and hydraulic properties o f  the sinter.
Various methods were used to accomplish this objective, including field observations to 
determine relative outcrop saturation, hand sample and pétrographie observations to 
relate saturation observations with texture and consolidation, water loss measurement to 
estimate sorbed water concentrations, and pétrographie image analysis to estimate
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porosity and permeability. Water loss was determined by measuring the weight change in 
bulk sinter samples after oven drying ground samples at 1 IOC for at least an hour. Water 
loss, reported as weight percent, was an intermediate parameter determined during loss 
on ignition analysis.
Porosity was estimated using a Pétrographie Image Analysis (PIA) routine modified from 
Mowers and Budd (1996) and Ehrlich et al. (1991a, b). Images of thin sections were 
acquired using a video camera attached to a pétrographie microscope. A magnification of 
VOX was used to maximize resolution o f micropores, while still maintaining whole 
macropores within a single field of view (FOV) (Mowers and Budd, 1996). The images 
were saved as tagged image files (tif) and imported into NIH Image freeware for 
processing and area measurement. Pore space was discriminated and selected from 
matrix and clast material based on color using the fix color and density slice operations 
included in the NIH package. The fix color command allows minimum and maximum 
pixel values (e.g., 255 (white)) to be selected, thereby enabling the majority o f the pore 
space to be selected . Specific pixel values are chosen using the density slice command. 
Similar to thresholding or segmentation, this command selects a range of pixel values 
representing different colors or tones. A binary image is then created based on the 
selection, with black pixels representing pore space and white pixels representing matrix. 
Opening and closing, in that order, were two functions used to eliminate noise in the 
binary images. Details of these noise-reducing functions are provided in Russ (1995).
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M inor manual editing o f the binary images was also done to better match the pore 
geometry as viewed in thin section. Measurements collected from each FOV included 
total FOV area, porespace area and perimeter length. As a final step, the data were 
exported to a spreadsheet for porosity and permeability calculation.
Objective 5. Characterize the sinter geochemistiy and flu id  chemistry at each site, citing 
changes with depth and texture as indicators o f  secondaiy processes.
Sinter bulk geochemistry was characterized semi-quantitatively using EDS techniques 
described above. Quantitative solid phase weight percents for sixteen elements were 
determined using inductively coupled plasma spectrometry (ICP). One to two grams of 
sample were ground up with an agate mortar and pestle, oven dried overnight at 70C, and 
prepared for ICP analysis using the lithium metaborate (LiBOi) fusion method. Sixteen 
bulk samples were analyzed on the ICP, including two laboratory duplicates, one blind 
duplicate and a USGS Glass Mountain Rhyolite standard (RGM-1). ICP results were 
reported as weight percents and ppm.
Total organic carbon (TOC) and loss on ignition were two other bulk chemistry 
parameters measured. Five grams o f sample were ground with an agate mortar and 
pestle, oven dried overnight at 70C and then split into two 2.5-gram samples for TOC and 
LOI analysis. Inorganic and total carbon concentrations were measured on a 
Couiometrics carbon analyzer. TOC, reported as weight percent, was then calculated by 
subtracting inorganic carbon from total carbon. Fifteen samples were analyzed for TOC,
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including two laboratory duplicates and a calcium carbonate standard. LOI, which 
represents the amount o f volatile constituents such as CO2 and water vapor, was 
determined by comparing bulk weight before and after heating the samples at high 
temperatures for an extended period o f time. Precise sample weights o f approximately 
0.5 g to 1 g o f material were determined prior to heating using a digital balance. After 
being oven-dried at 105C to HOC for at least one hour, samples were allowed to cool in a 
vented glass dessicator and then weighed again. Samples were then heated for six hours 
at 950C in a muffle furnace. After cooling to 150C inside the furnace  the samples were 
transferred to the vented glass dessicator, allowed to cool to room temperature and 
weighed a final time. LOI was calculated as percent weight loss by subtracting the initial 
and final sample weights and dividing by the initial weight. Fourteen bulk samples were 
analyzed for LOI including one duplicate and one blank. Glazed porcelain Coors® 
crucibles (max. temperature 1150C; pers. comm, with manufacturer) were used 
throughout the LOI procedure.
Fluid chemistry was characterized with both field and laboratory measurements. At 
Excelsior, four interflow samples including a duplicate were collected. Care was taken to 
insure interflow samples represented seepage originating from the sinter sequences and 
not surface water flowing down the outcrop face. Interflow samples were collected from 
locations guarded or isolated from surface flow, such as niches directly below overhangs. 
Further, syringes were often inserted into the sinter to gather the sample, or small
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depressions were dug out o f the outcrop face to allow interflow to seep and then pool for 
collection. Field measurement and sample preservation procedures at Excelsior deviated 
from the protocol carried out at Potts’ Basin (described below). Samples were filtered 
(0,2 pm filter) and acidified with nitric acid approximately three hours after collection, 
including samples to be analyzed for Si. Temperature was not recorded at the time of 
collection, and pH values were measured 2.5-hours after sampling.
Interflow, surface runoff and spring (source) water was sampled twice within a three- 
month period at Potts’ Basin, Interflow samples were collected as described above, 
surface runoff was collected directly from waters cascading over the outcrop and spring 
water was collected directly from the outlet of Explosion Spring pool, A total of nine 
samples were collected at Potts’ Basin including a two field duplicates. Standard field 
measurements such as pH and temperature were recorded at the time o f sampling, and 
alkalinity was measured within 24 hours o f collection. All samples were acidified with 
trace-metal grade nitric acid and refrigerated up to the time o f analysis. Samples for Si 
analysis were diluted 1:10 and acidified to a final concentration 0.5M HCl to minimize 
polymerization (Her, 1979).
W ater samples from both sites were analyzed for cations on an ICP and for anions on an 
ion chromatograph (IC). Si concentrations were also determined using the reduced silico- 
molybdate method outlined in Strickland and Parsons (1972), which produced slightly
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more precise data than the ICP. The relative standard deviation (%RSD) o f duplicate 
measurements made using the ICP and the silico-molybdate method was around 3% and 
2% respectively. Si concentrations determined with the ICP were consistently lower than 
concentrations determined with the silico-molybdate method. Further, the ICP did not 
detect Si in a Potts’ Basin interflow sample collected in July. The silico-molybdate 
method detected 169 ppm in the same sample. Ten percent laboratory duplicates, blanks 
and spiked samples were added to analyses for QA/QC purposes.
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CHAPTER 2 -  Petrology Results and Discussion
Field-Scale and Hand-Sample Observations and Discussion
Microfacies at Excelsior Geyser Crater
Initially apparent in the Excelsior outcrop is its large-scale homogeneity. Bedding 
appears to be fairly consistent throughout the crater wall. Closer inspection, however, 
reveals more variability and discontinuity in bedding that possibly represent variations in 
outflow volume and velocity at the time the sinter was deposited (Braunstein and Lowe, 
1996). From a given reference point, textures or facies may thin or pinch out within two 
to three meters, and only a few layers are continuous throughout the entire crater wall. 
The 2.2-meter section selected for study appeared to contain a representative array of 
textures and microbial facies (see Figure 3). When appropriate, the study section was 
extended horizontally to better characterize the sequence. Three primary textures 
representing paragenetic history were observed. In order o f decreasing abundance, they 
are: I) palisade fabric  (Walter, 1976) (Figure 4a), vertical to sub-vertical, elongate, very 
fine linear fenestrae created when amorphous silica encrusts microbial sheaths within a 
bacterial mat. The filaments or “stalks” of palisade fabric are often bound to a mm-thick, 
resistant, non-porous and continuous opaline substrate. This fabric, commonly associated 
with the cyanobacteria Calothrix (Cady and Farmer, 1996, Walter et al., 1996), is delicate 
and porous, yet has still retained its structure in the Excelsior sequence. Terracettes are
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Figure 4. Field photos from Excelsior Geyser Crater.
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commonly observed in palisade layers (i.e. EGC-8). In cross-section, these structures 
are conical (or fan shaped) and display a radial pattern of filaments that is usually capped 
by two wedged-shaped ramping layers of palisade sinter that pinch out towards the crest 
(Figure 4b). Terracettes at Excelsior range from one to six centimeters high and have a 
radial center towards the bottom o f the structure. A mottling o f fine-grained silica is 
concentrated at the base and core o f the structures. Terracettes are also observed 
currently forming in the modem sinters around Excelsior and Grand Prismatic. As shown 
in the stratigraphie section in Figure 3, the palisade texture in outcrop appears as massive 
layers. 2) breccia or intraclast grainstone \996) {ViguxQ Ac), poorly
bedded angular to sub-angular platy sinter clasts with various sub-textures including 
palisade and streamer fabrics (described below). Porosity enhancing sub-horizontal clast 
imbrication is common, and cm-wide irregular to lenticular partings separate beds. Less 
resistant than the palisade texture, breccia sequences recede into the outcrop face as a 
result o f weathering. 3) streamer fabric  (Walter et al., 1996) (Figure 4d), thin layers of 
flattened, pseudocylindrical (0.2-0.5 cm in diameter) irregularly stacked structures that 
are parallel to laminations. This fabric, often associated with Phormidium  (W alter et al., 
1996), is the least common at Excelsior. The streamer fabric is also delicate, however, 
unlike the palisade fabric, it is often partially brecciated and less resistant. Overall, the 
Excelsior sequence is characterized by predominantly white to grey, well-bedded 
palisade sinters with little to no plant material, localized brecciation and good 
preservation o f fine textures.
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M icrofacies at Potts ’ Basin
The Potts’ Basin study section is part of a large outcrop bluff that extends approximately 
300 meters along Lake Yellowstone’s shore. It exhibits less lateral heterogeneity than 
Excelsior, with some sequences traceable for 100-150 meters. This could be a function 
o f a more uniform textural degradation at Potts’ Basin, which in turn could be interpreted 
as increased alteration relative to Excelsior. Paragenetic sinter textures at Potts’ Basin, 
include (in order o f decreasing abundance): 1 ) breccia or intraclast grainstone (Walter 
et al., 1996) (Figure 5a), this texture generally has a massive appearance due to general 
textural degradation, however, bedding is evident towards the top of the section. Clasts 
consist o f plates (cm thick) with stromatolitic or streamer fabric; blocks (cm wide) with 
palisade sub-texture; and tabular (cm thick) pieces o f sinter. Siiicified plant material 
occurs throughout the breccia. This texture is well consolidated, matrix supported and, in 
contrast to the Excelsior breccias, forms protruding units in outcrop as shown in the 
stratigraphie section provided in Figure 6. 2) palisade fabric  (Walter, 1976) (Figure 5b), 
a minor texture in the Potts’ Basin sequence, this fabric has sub-vertical elongate 
fenestrae created by siiicified microbial sheaths bound to a siliceous substrate. The 
palisade fabric at Potts’ Basin is heavily altered, and is less delicate than the palisade 
observed at Excelsior. Also in contrast to Excelsior, in outcrop, this texture represents 
the less resistant and recessive sequence at Potts’ Basin (Figure 6). 3) grainstone (Figure 
5c and 5d), a clast supported, semi-porous material that is composed of siiicified 
terrestrial plant fragments (twigs, roots, stems, etc.) and minor siiicified insect material.
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Figure 5. Field photos from Potts’ Basin.
(A) breccia (B) palisade fabric (C) grainstone in outcrop (D) grainstone in hand sample U J
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This texture is friable and unconsolidated, and may represent a siiicified soil horizon.
In summary, the Potts’ Basin sequence is characterized by yellow to brown massive, 
consolidated sinter breccias with abundant plant material, possibly representing multiple 
soil horizons.
The microfacies identified at both sites are commonly found in modem and fossil thermal 
spring deposits (Walter, 1972; W alter et al., 1996). Other microfacies not identfied in the 
Excelsior or Potts’ Basin sequence, but which are commonly found in modem and fossil 
systems include spicular sinter, thin-bedded sinter with pustular features, oolitic/pisolitic 
sinter, thin-bedded sinter with lycopsid stems, and bedded sinter with conical laminae. A 
thorough description o f these additional microfacies may be found in W alter et al. (1996) 
and W alter (1976).
The appearance o f the different textural units in both outcrops presents an interesting 
pattem. As mentioned above, palisade textures at Excelsior appear to be the most 
massive, while the breccia sequences appear less resistant. At Potts’ Basin, it is just the 
opposite. This could be a function o f the relative level of diagenetic progression and 
hydraulic properties o f each texture. Excelsior sinters contain textures that are more 
delicate and porous. In contrast, the Potts’ Basin sequence shows textural degradation, 
more pore filling and evidence o f multiple soil horizons (PB-4 and PB-1), indicating that
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the Excelsior sequence is the less altered and most likely, the younger' section. I f  this 
is the case, the two sequences could represent different stages o f diagenetic advancement 
that are influenced by the hydraulic properties of the layers. Palisade fabrics at Excelsior 
possesses an initial structural coherence that is greater than the breccias. However, the 
increased transmissivity that is apparent in the breccias focuses flow through these layers. 
As Bathurst (1985) points out, greater cementation occurs when more water moves 
through a system. Therefore, the increased flow through the breccias will move more 
matrix or cements into the texture, such that over time, the breccias will become more 
consolidated and surpass the palisade fabrics as the more resistant layer, as observed at 
Potts’ Basin. Two stages o f this diagenetic progression appear to be represented in the 
Excelsior (early) and Potts’ Basin (late) sequences. The apparent changes in flow 
between layers may also affect the nature and morphology o f the cements found in each 
texture.
Cement Distribution at Excelsior and Potts ' Basin
Similar cements are observed in both sequences upon macroscopic observation. Three 
main types o f morphologically distinct cements were identified. These include, in order 
o f abundance, a white to buff, coarse, granular silica; a fine-grained, white silica; and a
' An attempt to determine the age o f the sinters was made using kerogen extraction procedures on samples 
from both sites. However, sufficient amounts o f  terrestrial plant material required for carbon-14 
procedures could not be recovered.
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brown to yellow-brown, translucent, semi-smooth, resistant silica. The coarse, 
granular silica is the primary matrix component o f the breccias and also occurs as a minor 
encrustation in the palisade fabric. The fine-grained, white encrusting silica was usually 
limited to the palisade filaments. The brown to yellow-brown resistant silica coats the 
top and underside o f breccia clasts and palisade substrate surfaces. At Potts’ Basin, the 
brown cement is also common in large voids created by root penetration and in the 
hydrothermally altered lacustrine deposits located at the bottom of the sequence. It is 
possible this cement is an exterior feature resulting from the precipitation of silica from 
percolating low volume surface overflow^. The granular nature o f both the fine and 
coarse white silica cements, however, may represent redistribution o f primary silica. The 
variation in grain size could result from different transport rates or flow regimes that are 
dependent on texture. The coarser material dominant in the breccias could be a result of 
relatively larger flow rates passing through the texture. Likewise, the fine material 
observed in the palisades would be able to accumulate in the lower flows. Flows could 
not be estimated in the sequences, however, this topic is further addressed in a later 
section that discusses the hydrochemistry o f the sinters. Cement or matrix grain size 
distribution within microfacies was further explored with pétrographie observations.
 ̂ In addition to the brown cements, a grey-white (Excelsior) to yellow (Potts’ Basin) resistant silica scale 
that massively coated and obscured all textures was common on the outcrop surface at both sites. Unlike 
the brown cements, this mm-thick scale was easily removed.
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Pétrographie Observations and Discussion
Information at the microscopic scale was obtained on microfacies, cement distribution 
and composition, and microbial morphology during thin section observation. A general 
characterization o f the mineralogy and clast and matrix descriptions was also made. The 
following summarizes these findings, and full hand sample and pétrographie descriptions 
for both sites can be found in Appendix A.
M icrofacies and Cement Distribution in Excelsior Geyser Crater Thin Sections
Pétrographie observations indicate the Excelsior sequence has undergone limited 
infilling. With some exceptions, most of the features reflect a paragenetic history o f fine 
grained, primary silica encrustation with minor brecciation. The appearance o f each of 
the major textures as observed in thin section is discussed below.
Palisade Fabric
The palisade texture in thin section consists o f large, elongate sinuous microbial 
filaments (100-600 pm long; 5-10 pm thick) that are perpendicular to bedding. The 
larger filaments are easily distinguished at low magnification because their walls are 
generally darker than the surrounding matrix (Figure 7a), there is usually a halo of lighter 
matrix around the entire structure, and the filaments often stand alone or in pairs. It is 
difficult to determine if  the color differences between the matrix and filament are due to 
changes in composition, texture and/or section thickness. Often, the medium-sized to 
larger filaments serve as a substrate for fine (20-35 pm long; 3-5 pm thick), transparent
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filaments that attach to the walls in random orientations. These very fine filaments 
also occur in the matrix, however, are only distinguishable at the edges o f pore spaces. 
Most larger filaments are attached to a silica substrate and have a 0.5-3 pm encrustation 
o f fine-grained silica that nonnally thickens towards the top and bottom o f the filament, 
which may suggest a pore filling sequence that begins as gradual accumulation around 
filament-substrate attachment sites. Rarely are filament walls uncoated and exposed 
indicating a fair amount o f initial silicification material has remained intact around the 
filaments. A few layers in the upper 10-20 cm o f the sequence contain filaments that are 
fully intact. Most filaments below this level, however, occur in pieces suggesting 
fragmentation happens after burial. Possible mechanisms might include compaction 
and/or degradation o f interior microbial material. Toward the middle and bottom o f the 
section, short, capsule-shaped, slugs of amorphous material appear as infills in 
fragmented palisade filaments. Figure 7b is a plane-polarized light photomicrograph o f an 
infill structure. Although mostly isotropic, this material sometimes appears pale pink in 
plane-polarized light. Nevertheless, it is suspected this material is amorphous silica. 
Sub-conical to conical centimeter-high terracettes are seen in a thin section o f EGC-9 
(0.33 m). As seen in hand sample, these structures are distinguished by radially oriented, 
large filaments attached to a terraced substrate. Thin section observation shows a 
discrete, round mass o f silica with a high concentration o f many small, fairly intact 
filaments accumulating at the core o f the terracette.
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Figure 7. Photomicrographs of thin sections from Excelsior Geyser Crater.
(A) dark colored filaments in light colored matrix (B) filament infill (C) meniscus cements
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Filaments and filament molds dominate this texture. Consequently, examination o f 
palisade sequences focuses on the silica patterns in and around these microbial remains. 
Filaments with the best structural preservation (measured by level o f fragmentation and 
distinction from the matrix) in palisade fabrics are often anchored to substrates with 
accumulations o f silica around the top and base o f the sheath. Terracette cores contain 
the densest concentration o f microbial remains in the palisade fabric.
Sinter Breccia
Sinter breccias at Excelsior are characterized in thin section by dark brown to brown 
blocks o f broken sinter with palisade sub-texture set in a light-colored agglomerate 
siliceous matrix. Loose and porous meniscus forms are common around the clast-matrix 
boundary (Figure 7c) that is identified by a decrease in grain size going from matrix to 
clast, or by a color change. Around some breccia clasts, however, this boundary is 
discontinuous or absent, rendering grain/matrix discrimination difficult. This could be a 
result o f clast dissolution or disaggregation coupled with re-precipitation from fluids 
passing through the breccias. I f  the reprecipitated material is similar in color and texture 
to the existing matrix, then these boundaries will eventually fade. Another clast type 
includes circular, concentric structures (10-20 pm) with brown, dark brown and tan color 
bands (Figure 8a). The centers of these structures are often hollowed out, creating small 
ring shapes. The circular structures occur as groups o f six to eight rings and maintain a 
consistent appearance with depth, however, they do appear to be limited to lower portions 
o f the section. Microbial evidence in breccias is not ubiquitous as it is in the palisade
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texture. The filaments are smaller, have a more random orientation than filaments in 
palisade sequences, and are generally concentrated in clast sub-textures. The large, 
sinuous filaments that are common in the palisade texture are virtually absent in the 
breccias. Short, fragmented (30-40 pm long; 1-2 pm thick), filaments are more 
prevalent. Similar to the palisade fabric, however, capsule-shaped filament infills are 
also observed in brecciated layers that are lower in the section. Plant fragments are more 
common in the breccias, especially below 1.1 meters. Breccias are distributed 
sporadically about the section. Matrix-supported breccia layers are found around depths 
o f 0.69 m, 1.125m and 1.825 m (Figure 3) and are much less prevalent than the palisade 
texture. The breccia layers at Excelsior are distinctive because they contain textural and 
hydraulic properties (e.g., transmissivity), pore space geometries and arrangements o f 
microbial structures that are significantly different from palisade sinters.
Stream er Fabric
Made up o f many, fine filaments, the streamer fabric has a unique fibrous or “sinew” 
texture. This fabric is commonly translucent in thin section, but is usually darker in color 
than the surrounding matrix. It appears to concentrate brown to dark brown, possibly 
organic, material. It is sometimes hard to distinguish individual filaments because of the 
lack o f pore space and accumulation o f brown material in the texture’s interior. Although 
localized at a depth o f 1.2 meters, the streamer fabric is evident in blocks and clasts 
throughout the section (Figure 3). The streamer fabric represents another variation in 
textural and possible hydraulic properties o f Excelsior sinters. In addition, the fabric’s
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Figure 8. Photomicrographs of thin sections from Excelsior Geyser Crater 
(A) concentric clasts (B) brown resistant cements
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unique enrichment o f brown, apparent organic material may imply a textural control on 
hydrochemistry.
Cement Types
Two o f the three cement types recognized in hand sample are clearly discernible in the 
Excelsior thin sections; coarse-grained silica common in the breccias and the fine-grained 
silica common in the palisade fabrics. Substrate depressions in EG C -11 (2.1 meters) 
contain a tan smooth silica fill with a microcrystalline appearance (Figure 8b), that 
possibly represents the brown resistant cement. Identification is not definitive, however, 
because the fill material appears thicker and more widely distributed than the brown 
cements observed in hand sample.
Mineralogy
The mineralogy of the sinters from Excelsior is fairly uniform. Under plane-polarized 
light, the high relief matrix and interior clast material can be transparent to opaque with 
colors ranging from clear, tan, light to dark brown, orange and black. Under cross­
polarized light, it is apparent most o f the material is isotropic, however, traces of quartz 
grains are evident lower in the section. This corroborates the XRD results, shown in 
Figure 9 that indicate the matrix, clast and filament mold material is x-ray amorphous 
silica, with trace cristobalite and quartz. For reference, two XRD plots o f amorphous 
silica from previous diagenesis investigations (Williams and Crerar, 1985a; von Rad, 
1977) are provided in Figures 10 and 11. EDS analyses confirmed the dominance of Si
B
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Figure 9. XRD Plots for powdered sinter samples from Excelsior Geyser Crater. 
(.A) Sample EGC-11 (2.1m) (B) Sample EGC-6 (0.95m)
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Figure 10. Reference XRD plot of am. silica and various crystalline silica phases. 
Q = quartz, Cr = cristobalite (Williams and Crerar, 1985a)
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Figure 11. Reference XRD plot of am. silica and minor cristobalite (von Rad, 1977).
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in all samples from Excelsior. Identifying the sometimes very small (3-7 pm) quartz 
grains in thin section was best accomplished under low light with crossed polars and a 
quartz wedge (530 nm). The grains’ sub-angular and irregular shape, small grain size and 
variable distribution throughout the deposit indicates the quartz is not authigenic. Trace 
pleochroic grains, possibly feldspars, are also present as subhedral grains in the middle 
and lower portion o f the sequence. These grains appear to be coincident with various 
trace plant fragments. All minor and trace crystalline material is regarded to be elastics 
transported into the system.
Potts ' Basin
In thin section, the three textures identified in hand sample were not distinguishable.
This could be because the continuous layers of palisade or streamer fabric typical of the 
Excelsior sequence, are not present at Potts’ Basin. Here thin sections are dominated by 
dark (black to brown), moderately to well consolidated matrix supported breccias. 
Consequently, instead of separately discussing the various microfacies as was done with 
Excelsior, it is more appropriate to discuss the Potts’ Basin sequence in terms of cement 
and clast types, with additional notes on sub-textures.
Cement Description
Four main types o f cements are observed in thin section throughout the Potts’ section. 
Inorder o f decreasing abundance, they are (1) individual silica grains with a loose, 
granular texture, (2) loose silica that fills large pore spaces, (3) fine-grained black to
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brown material that forms rims and borders around clasts, (4) a smooth, layered, non- 
porous brown, orange, tan or black silica that forms in large depressions and often shows 
scalloped, pseudo-conchoidal fracture edges. The loose granular matrix (1 and 2) is 
thought to be similar to the fine- and coarse- grained material observed in hand sample. 
The layered non-porous silica (4) appears to represent the smooth, resistant material 
observed in hand sample. Usually, the matrix is darker than the breccia clasts; however, 
grain boundaries are sometimes indistinct or obscured. Matrix material often becomes 
less porous, finer grained and darker near clasts; a pattern that is also observed at 
Excelsior. The darker colors could reflect a concentration o f organic material. Meniscus 
structures and grain pillars commonly connect clasts; however, it is difficult to determine 
whether or not these structures are what remain after the matrix interior has been 
removed, or “rubbed-out” during the slide preparation process.
Microbial materials found in the matrix are either short, or fragmented filament stubs (BO­
SS pm; 6-10 pm thick) or fine (10-35 pm long; 3-5 pm thick), transparent filaments.
Most likely these filaments represent material that has been displaced from palisade and 
streamer sub-textures. Here the filaments are often difficult to distinguish, even at high 
magnifications, due to the high relief, dark overprint and rough texture o f the matrix. 
Discrimination o f filaments in the matrix is increasingly difficult with depth, as these 
masking characteristics are more prominent in lower portions o f the section. As observed
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at Excelsior, infill slugs are present in Potts’ Basin filaments. Infills appear around 0.5 
meters and are common in matrix filaments throughout the section.
Clast Description
Clasts at Potts’ Basin consist mostly o f blocks o f siliceous sinter, as expected. However, 
separate clast types may be distinguished based on subtexture. These clasts consist of 
irregularly shaped pieces o f palisade sinter; sub-angular pieces o f coarse, granular sinter 
with randomly oriented, thick and fine filaments; and a variety o f silicified plant 
fragments. Clasts of palisade sinter contain the most visible concentrations of filaments 
in the Potts’ sequence. Filaments within clasts contain slug infills similar to those 
observed in the matrix and those observed at Excelsior. The amount o f infills appears to 
increase with depth. Palisade textures in the Potts’ Basin clasts exhibit more advanced 
stages o f pore filling than palisades at Excelsior. Palisade textures in clasts at lower 
depths, also tend to consist o f relatively short, thick, fragmented filaments vertically- 
oriented and equally spaced in a dark brown substrate. In a large clast in PB-9 (0.93 
meters), there are several layers o f palisade texture set in undulatory substrates that can 
be traced for several millimeters (Figure 12a and b). The excellent preservation o f this 
texture can be attributed to the continuous substrate that provides a foundation for the 
arrangement o f filaments.
The second clast type, blocks o f coarse granular sinter, also contain filaments. Here the 
filaments are fragmented, randomly oriented and often contain more infill than filaments
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Figure 13. Photomicrograph of undulatory substrate in Potts’ Basin thin section
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in the palisade subtexture. Again, this trend could be because o f the difference in 
filament orientation in the two subtextures. Filaments in the palisade subtexture are 
attached to a substrate, closing off one end, and the long axis o f the filament is usually 
perpendicular to horizontal flow. Assuming the initial molds o f silica around the 
filaments are effectively impermeable, the interiors o f palisade filaments may not receive 
as much water as the interiors of the randomly oriented filaments. As a result the amount 
o f infill that forms in palisade filaments is less.
Plant clasts may take the form o f pine needles, seed pods or even partially silicified 
networks o f cellular remains. Two different silicification processes are evident in the cell 
networks. The first process results in plant cell walls that are silica encrusted and/or 
partially silicified with all or part of the cell interior removed (Figure 14a and b). This 
appears to be an example o f the process described by Barghoom (see Her, 1979 p. 88-90) 
where silicification takes place before the cellulose framework is degraded. Conversely, 
at a depth o f 0.9 meters, the silicification style appears to be closer to the process 
described by Helmers (see Her, 1979 p. 90). Here the plant structure consists only of 
interior silica casts (in place) with the exterior walls missing indicating a soluble, non­
polymerized form o f silica is able to penetrate the cell wall. Once the interior is silicified, 
the surrounding cell walls degrade, leaving only the casts (Figure 14c and d). The former 
process is similar to the coat and fill sequence observed in filaments at both study sites.
i
%i
-ri>
Figure 14. Silicified plant cell networks.
(A), (B) siliceous casts of cell walls (C),(D) inter cellular siliceous casts
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The latter process, however, does not seem to be occurring in the filaments at either 
site and may reflect inherent structural differences between plant cells and microbial 
cells.
Mineralogy
Most o f the material at Potts’ Basin is isotropic, x-ray amorphous silica as shown in the 
XRD plots in Figure 15. Quartz and some feldspar elastics are more common and slightly 
larger at Potts’s than at Excelsior; however, these grains never make up more than 5-7% 
o f the material.
A thin section (PB -13) o f the hydrothermally altered lacustrine deposit at the base o f the 
Potts’ sequence shows large (0.5-4 mm) euhedral quartz and sanidine grains, and 
subangular to vesicular glass fragments set in a loose matrix o f amorphous silica. As 
noted in outcrop observations, this matrix is similar to that found in the overlying sinters. 
Curiously altered grains are found near the “baked” contact recognized between the 
lacustrine deposits and the sinters. These grains contain dark brown to black reaction 
rims that grade into brown to tan to buff to white interiors as shown in Figure 16.
Because o f its proximity to the sinter, it is likely that the altered lacustrine sequence 
represents a major source of elastics of variable compositions.
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Figure 15. XRD Plots for powdered sinter samples from Potts’ Basin. 
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Figure 16. Photomicrographs of various thin sections from Potts’ Basin and Excelsior Geyser Crater.
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Trends in M icrobial Structure and Sinter Appearance With Depth: A Pétrographie 
Comparison o f  Excelsior and Potts ̂  Basin
Key trends with increasing depth in the Excelsior sequence include progressive infilling 
o f filaments found in both the palisade and breccias, and the appearance o f darker colors 
that is possibly explained by increased organic content. The infill structures (slugs) 
appear at a depth of 30 cm, however, become more prevalent around depths o f 90-100 cm 
where approximately 20% of the filaments contain fill material. Here, slug ends become 
more tapered. Filaments in deeper sequences (both palisade and breccias) contain 
multiple slugs, and at the base o f the section, up to 35% of filaments contain fill material. 
There appears to be a slight correlation between filament orientation and sinter texture 
(palisade or breccia), and the amount o f infilling. Randomly oriented filaments contained 
in breccias commonly have infills. Further, the ends o f most partially filled filaments are 
broken off.
The thin section appearance o f the amorphous silica at Excelsior becomes darker with 
increasing depth. A noticeable increase in the dark overprint occurs beneath 1.13 meters 
where a significant amount o f plant fragments are found. The darker, possibly organic 
material, forms thin rims around clasts, and is also found around the outer boundaries of 
the light matrix halos that surround filaments. Organic material can also form geopetal 
fill structures in substrate depressions. A unique geopetal structure (Figure 16b) is found
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at a depth o f 1.85 meters (EGC-la). Here a depression is half-filled with the dark 
brown to black fractured material, which appears to be organic in nature. Interestingly 
enough, matrix and filaments below the geopetal structure are not stained dark brown like 
material to the right and left. This suggests the structure represents a trap that has 
collected and concentrated leaching fluids.
Textural and morphological changes are more pronounced with depth at Potts’ Basin than 
at Excelsior. Some o f the depth-dependent trends at Potts’ Basin include decreased pore 
space in palisade textures; an increase in the number o f infilled filaments; and blurring of 
clast boundaries. A clast in thin section PB-2 (0.1 m) shows an interesting pattern o f 
gradual loss o f the fenestral porosity that is characteristic of palisade textures. It is 
observed at Excelsior that fill material initially creates a thin encrustation around 
microbial sheaths and thickens at the base and tops of the filaments creating a pore space 
with a vertically oriented, oblate form. Fill material in the Potts’ Basin clast occupies 
much o f the fenestrae, leaving small pore spaces, circular (in cross-section), at the top (or 
bottom; the clast is jum bled and orientation cannot be confirmed) o f the filaments (Figure 
16c). This pattern is repeated in clasts at a depth of 0.2 meters. Below this point, most of 
the palisade textures are completely infilled.
Similar to observations at Excelsior, filaments at Potts’ Basin contain the same capsule­
shaped slug infills. EDS analyses on Potts’ sections corroborate the Excelsior data.
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indicating the infill material is composed of amorphous silica with minor aluminum 
content. At Potts’ Basin, however, a greater percentage o f the filaments are filled. At a 
depth o f 0.7 meters, over 40-50% o f the filaments is partially filled, many o f which 
contain multiple slugs. Further, a comparison o f Figure 17a and 17b with 17c and d 
shows the infills in Potts’ filaments are often longer, are more pointed at the tips, and 
have a rougher texture compared to the infills in Excelsior filaments.
More conspicuous at Potts’ Basin is the fading o f clast boundaries. In lower portions o f 
the Potts’ Basin section it can be difficult to distinguish these boundaries because clast 
and matrix textures and colors often coincide. Boundaries are often hard to trace and/or 
are absent giving the sinter a more massive appearance. Figure 18, a photomicrograph of 
breccia clasts in several Potts’ Basin thin sections, shows this phenomenon.
SEM  Observations
Scanning electron microscopy enabled observations on microbial textures, specifically 
the morphology o f filament coatings, at a much smaller scale. Image magnification for 
most samples fell within one of three ranges; 800-l,000X, 3,000-4,000X and 12,500- 
13,000X. This was done to keep the scale of the pictures consistent and to facilitate 
comparison o f the samples.
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Figure 17. Photomicrographs of filaments in Excelsior and Potts’ Basin thin sections.
(A) EGC-6 (0.95m) (B) EGC-1 (1.86m) (C) PB-2 (0.05m) (D) PB 5 (0.26m) O s
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Figure 18. Photomicrographs of clast-boundary dissolution in Potts’ Basin breccias.
(A) PB-2 (0.05m) (B) PB-4 (0.23m) (C) PB-8 (0.9m)
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Excelsior Geyser Crater
Diverse filament networks encrusted in spherical, botryoidal silica are a typical 
microtexture at Excelsior. Higher magnification images reveal (Figures 19d and 20b) that 
silica encrustations are composed of ~ 1-2 pm spheres of silica that are variably 
distributed about the filament walls. The silica spheres in EG C-11, the deeper sample, 
are slightly smaller and packed tighter than spheres in EGC-6. Only two bulk samples 
from Excelsior were successfully imaged, therefore, it could not be determined whether 
or not this is a depth-dependent trend. Silica encrustations are thickest where filaments 
cross each other and where filaments attach to substrates. This corroborates pétrographie 
observations and indicates that silica precipitation is often focused around microbial 
features. Other workers (Walter, 1976; Cady and Farmer, 1996) have made a similar 
observation. All o f the filaments that are oblique to the image plane in Figures 19a and b 
show a dark, possibly hollow, interior, suggesting a coat and fill style of fossilization. 
Very small pits in the walls o f a filament are shown in Figure 19d, which is a close-up of 
Figure 19c. These smooth, shallow indentations, approximately 0.1-0.2 pm in diameter, 
are evenly spaced around the filament. The origin o f these features is unknown, 
however, they could represent remnant microbial sheath textures or some type of 
dissolution feature. The indentations could also represent artifacts o f the sample 
processing procedure (e.g., shrinkage features).
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Potts ' Basin
Potts’ Basin SEM images reveal a wider range o f microfabrics around filaments 
compared to the Excelsior images. Microfabrics at Potts’ include an encrusting 
botryoidal silica that coats filaments and composes much o f the matrix; a micro-terraced 
silica scale that forms cornices and scalloped ridges; and a thin, smooth continuous silica 
that spans filaments to create thin meniscus structures.
At higher magnifications, it is evident the spheres in the botryoidal silica at Potts’ Basin 
are small, numerous, and closely packed, more so than spheres observed in the Excelsior 
samples (Figure 23c). Spiral patterns that twist encrustation material around filaments 
are also observed at Potts’ Basin (Figures 22c and 23b). These smaller, closely packed, 
spiral patterns are limited to deeper samples at Potts’ Basin and they are not observed at 
Excelsior.
The micro-terraced silica that forms comice structures may vary in scale but not in form. 
A good example of this is shown in Figures 21b and 24b, where two structures with the 
same texture and rounded edges mimic the same form. However, one ridge has 
dimensions at the millimeter scale and the other is at the micron scale. Pseudo-coccoid 
and micron-long rod shapes also appear in this microfabric. These seemingly abiotic 
structures, shown in Figure 21b, represent small undulatory, rounded ridges at the edge of
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Figure 21. SEM photomicrographs -  Potts’ Basin, PB-2 (0.1m) o
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Figure 22. SEM photomicrographs -  Potts’ Basin, PB-4 (0.2m)
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Figure 24. SEM photomicrographs -  Potts’ Basin, PB-1 (1.1m)
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the silica scale, but could easily be mistaken as biotic in origin. The structures are 
assumed to be abiotic because they are much smaller (1-3 p.m in length) than most 
filaments observed, and they appear to be a continuous surface feature o f a large patch of 
silica. In addition to generating interesting forms, the micro-terraced silica 
indiscriminately masks all textures by coating both matrix and filaments (Figures 21b,
24a and b). As a result, this material is regarded to be secondary silica deposited after 
initial silicification o f the microbial structures.
The smooth, continuous silica represents another secondary material in the Potts’ 
sequence. This thin fabric, not evident in pétrographie observations, greatly eliminates 
porosity by spanning across filaments and coating relatively large areas of matrix (Figure 
22b). When distributed between two closely spaced filaments this material forms a thin 
meniscus. Like the micro-terraced silica, this microfabric masks all other textures.
Summary
Fland sample and pétrographie observations reveal sinter breccias and sinters with 
palisade fabric comprise the two major textures or microfacies identified at each site. In 
the relatively unconsolidated Excelsior sequence the palisade sinters are more common 
and are more structurally sound than the breccias. This is shown by the protrusion of 
palisade sequences in outcrop. Conversely, in the more diagenetically advanced Potts’ 
sequence, breccias have surpassed the palisade layers as the more resistant layer. It is 
suspected that increased interflow transports larger amounts o f cement or matrix material
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through the more transmissive breccia layers. As a result, the breccia layers become 
more consolidated. This idea will be addressed further during the discussion of the 
hydrochemical results. A difference in relative diagenetic advancement between the two 
sites is also observed. Based on the increase in textural degradation, pore filling and 
overall consolidation relative to Excelsior, it is likely that Potts’ Basin is the older, more 
diagenetically advanced sequence. The fading o f clast boundaries in deeper breccia 
sequences at Potts’ Basin provides more evidence o f diagenetic advancement. The 
consistent and rather monochromatic mineralogy, specifically cement composition, of 
both sequences did not provide information on diagenetic advancement. Both sequences 
consist mostly o f amorphous silica. Although clastic quartz grains were present in the 
lower portion o f each section, especially at Potts’ Basin, no evidence of authigenic quartz 
formation was observed. Fully intact microbial filaments are only observed towards the 
top o f the Excelsior sequence. Most o f the filaments are fragmented. Further, filaments 
in the breccia layers at both sites are more fragmented and randomly oriented than 
filaments in the palisade layers. Translucent to transparent, short, capsule-shaped 
isotropic slug fills were found in filament interiors at both sites and in both primary 
textures, breccias and palisade fabrics. The amount and size o f the slug infills appears to 
increase with depth, and a greater percentage of filaments at Potts’ Basin contain the 
infills compared to filaments at Excelsior.
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CHAPTER 3 “ Analytical Results and Discussion
Fluid Chemistry Results
A total o f  14 water samples, including three from Excelsior, seven from Potts’ Basin and 
three duplicates, were analyzed by ICP and IC for major and minor cations and anions. 
As part o f quality assurance and quality control (QA/QC) procedures for standard 
comparison, the USGS T-143 standard was analyzed by ICP and the QC SPEX standard 
was analyzed by IC. Potts’ Basin and Excelsior were both sampled in July 1998, and 
Potts’ Basin was sampled again September 1998. Samples for each month and from both 
sites were analyzed together.
The overall QA/QC performance for both the ICP and IC analyses was good. Standard 
comparison on the ICP showed the following elements to be out of the two f- 
pseudosigma range (similar to a 1.96 standard deviation range or 95%), Al, A s \ Ca, Co, 
Sb^, Ti and Zn. Accuracy error calculated as percent relative standard deviation (%RSD) 
on the ICP ranged from 2% -31% and averaged 8%. Accuracy error on the IC ranged 
from 2%-5% and averaged 3%, and Cl was the only element to fall out o f a two standard 
deviation range on the mean QC SPEX value. The Cl value, however, did fall within a
Detection limit o f the analyses was too high to estimate the low standard concentrations o f these elements.
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three standard deviation range o f the QC SPEX value and the %RSD (5%) for the Cl 
analysis was sufficiently low enough to validate the data. Except for a few anomalous 
values, IC and ICP performance based on blind duplicate analyses was good. Precision 
calculated as %RSD o f duplicate measurements ranged from 0% to 44% and averaged 
5% for the ICP, and ranged 0%-2% and averaged 0.73% for the IC. The total error, 
calculated as accuracy error plus laboratory and/or field precision, is shown next to each 
value in Tables 1 and 2. A minimum error o f 5% and 10% was assigned for all values 
from the IC and ICP respectively. Complete ICP and IC analytical and QA/QC results are 
included in Appendix B.
Excelsior Geyser Crater
Water samples collected at Excelsior consisted of interflow issuing from the crater wall at 
three depths, 0.35m, 0.4m and 0.47m. It was lightly raining during sampling at 
Excelsior. Spring samples from Grand Prismatic Pool were not collected due to access 
restrictions and time constraints. Published chemical data for Grand Prismatic has yet to 
be located.
The Excelsior interflow is near neutral except for the slightly alkaline, deep sample that 
has a pH o f 8.9. Si appears to increase with depth at Excelsior with a jum p from 102 
ppm at 0.4 to 115 at 0.47 meters as shown in Table 1. A similar pattern was observed for 
anions, with a notable increase in Cl concentration in the deepest sample. Al is detected 
in small quantities for all samples at Excelsior, however, the large error (%RSD) based
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on duplicate comparison makes it difficult to identify a trend with depth. General 
trends going from the deep sample (EGC-3w) to the shallower samples (EGC-lw , EGC- 
2w) include increases in Na, K, Ca, As, Li and Ba. In short, the chemistry o f EGC-3w 
appears to differ from that of EG C -lw  and EGC-2w.
Table 1. Fluid Chemistry Data for Excelsior Geyser Crater
pH Si as SiOz F Cl SO4 Br Al As
Method Field
(field)
Red.silico- IC IC IC IC ICP200 ICP200
Det.
msrmnt. molyb.
1 1 15 5 0.25 0.5 0.3
Limit
EGC-2W
Depth
(m)
0.35 7.71 ±0.8
ppm
102 ±10
ppm
19 ±2
ppm
222 ±22
ppm
11 ±1
ppm
0.64 ±0.16
ppm
0.9 ±0.2
ppm
14.3 ±1.4
EG C-lw 0.4 7.61 ±0.8 102 ±10 18 ±2 208 ±21 11 ±1 0.48 ±0.12 1.6 ±0.4 14.0 ±1.4
EGC-3W 0.47 8.90 ±0.9 115 ±12 22 ±2 266 ±27 13 ±1 0.82 ±0.21 1.4 ±0.4 17.0±1.7
Total Error'* %RSD 0.0% 0.0% 5.4% 7JM4 2.7% 25.2% 25.4% 4.2%
Total Error = A ccuracy eiTor determ ined from  standard com parison + Precision error determ ined from laboratory and/or field duplicate com parison . A 
m inim um  error o f  5% for the IC and 10% for the ICP w as designated to determ ine ± values. ^
B C a K Li M o Na Si W
M ethod ICP200 ICP200 ICP200 ICP200 ICP200 ICP200 ICP200 ICP200
Det. 0.02 0.5 1 0.01 0.1 0.5 0.05 0.5
L im it
ppm ppm ppm ppm ppm ppm ppm ppm
Depth
(m)
EGC-2W 0.35 2.88 8.6 ±1.0 134 ±15 2.69 0.2 ±0.1 3082.5 52.00 ±5.20 3.1 ±0.4
±0.88 ±0.91 ±308.3
EG C -lw 0.4 2.67 7.6 ±0.9 128 ±14 2.59 0.2 ±0.1 3054.2 51.60 ±5.16 3.0 ±0.4
±0.82 ±0.88 ±305.4
EGC-3W 0.47 3.21 9.1 ±1.1 142 ±15 3.01 0.2 ±0.1 3426.4 59.70 ±5.97 3.3 ±0.5
±0.98 ±1.02 ±342.6
oo
o
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Potts ' Basin
Extended site access at Potts’ Basin allowed spring water, channel runoff and interflow 
samples to be collected twice over a two-month period. Understanding the chemistry of 
these surface and sub-surface fluids is important in characterizing the early alteration of 
the deposit because they most likely represent primary pore fluids that transport solutes 
into and out o f the system. Explosion Spring’s upgradient position and proximity to the 
Potts’ Basin study site makes it a potential source o f interflow (or vadose zone fluids) 
that seep through the outcrop wall and into the adjacent Lake Yellowstone. Also, 
channels emanating from the spring source supply surface runoff, overflow and 
infiltration to the study area.
Explosion Spring is alkaline, at or above saturation with respect to amorphous silica (Her, 
1979) and high in Cl. Temperature and pH values, shown in Table 2, decrease from the 
spring source to the bottom o f the outcrop from 8.89 to 8.22 and 63.6C to 12C, 
respectively. With the drop in water temperature and pH, Si concentrations also 
decrease, most likely because o f precipitation, as Si interflow concentrations are almost 
2.5 times less than the values of the spring water and channel runoff. Si concentrations 
are, however, slightly higher in the channel runoff compared to the spring. Al was 
detected at 2 ppm in the spring and the runoff waters, but not in the interflow. Additional 
trends going from spring source to runoff to outcrop include little change in alkalinity and 
minor increases in Cl, Ca, Na concentrations.
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Interflow samples were collected from breccia layers at depths o f 0.48 (PB-lw ) and 1.2 
meters (PB-3w). July Si interflow concentrations were roughly the same at the two 
depths (-140-145 ppm), however, September concentrations show a slight increase from 
P B -lw  to PB-3w. Other notable trends going from PB -lw  to PB-3w include slight 
increases in September Na and Ca concentrations. The same increases were not observed 
in July. Increases in PB-3w phosphorous and zinc concentrations were observed for both 
sampling events. With the exception o f the interflow sample taken near the basal contact 
between the sinters and lacustrine deposit (PB-3), certain metals such as Cu and Fe were 
not detected in significant concentrations.
A comparison o f Excelsior and Potts’ Basin fluid chemistry shows Potts’ Basin interflow 
Si and Al concentrations appear to be higher than Excelsior interflow by about 50 ppm 
and 1 ppm respectively. Most major anion and Na, K, Ca, As, Li, B concentrations are 
also higher at Potts’ Basin. Elements detected at significant quantities in Potts’ interflow, 
but not at Excelsior are P, Cu, Zn and Sb. Except for trace amounts of Mo, all elements 
detected at Excelsior were present at Potts’. The chemistry o f the interflow at Potts’ 
Basin appears to be more consistent with depth compared to the Excelsior interflow.
Table 2. Fluid Chemistry Data for Potts’ Basin
pH Temp. Aik Si as
SiOz (field)
F Cl SO4 Al As
Method
Det.
Limit
field
msrmnt
field
msrmnt
Hach kit Red.silic
o-molyb.
1
IC
1
IC
15
IC
5
ICP200
0.5
ICP200
0.3
Sample Depth
(m)
T mg
CaC03/100
mL
(meq/L)
ppm ppm ppm ppm ppm ppm
PB-2w 0 8.65 ±0.87 30.3 ±3.0 51.3 ±5.1 331 ±33 26 ±3 291 ±29 43 ±4 2.3 ±0.2 22.8 ±2.3
P B -lw 0.48 8.56 ±0.86 20.1 ±2.0 57.2 ±5.7 146 ±15 28 ±3 301 ±30 45 ±5 ND^ 23.6 ±2.4
PB-3w 1.2 8.48 ±0.85 17.7±1.8 56.3 ±5.6 140 ±14 26 ±3 291 ±29 43 ±4 ND 23.5 ±2.4
PB-4w 0 8.89 ±0.89 63.6 ±6.4 46.5 ±4.7 359 ±36 23 ±2 271 ±27 40 ±4 2.2 ±0.2 22.6 ±2.3
PB-2w 0 8.80 ±0.88 28.5 ±2.9 47.0 ±4.7 413 ±41 25 ±2 281 ±28 42 ±4 2.0 ±0.2 24.1 ±2.4
P B -lw 0.48 8.59 ±0.86 13.4 ±1.3 45.4 ±4.5 144 ±14 25 ±3 286 ±29 43 ±4 ND 23.8 ±2.4
PB-3w 1.2 8.22 ±0.82 12.0 ±1.2 NA^ 169 ±17 NA NA NA ND 23.8 ±2.4
Total
Error^
%RSD 0.0% 0.5% 5.7% 3.6% 8.3% 10.1% 4.6% 0.9% 0.9%
 ̂ N D  =  V alu e is b elow  detection  lim it. 
 ̂ N A  = N ot A nalyzed ooOJ
Table 2. Fluid Chemistry Data for Potts’ Basin
pH Temp. Aik Si as
SiOl (field)
F Cl SO4 Al As
Method
Det.
Limit
field
msrmnt
field
msrmnt
Hach kit Red.silic
o-molyb.
1
1C
1
IC
15
IC
5
ICP200
0.5
ICP200
0.3
Sample Depth
(m)
mg
CaCOs/lOO
mL
(meq/L)
ppm ppm ppm ppm ppm ppm
PB-2w 0 8.65 ±0.87 30.3 ±3.0 51.3 ±5.1 331 ±33 26 ±3 291 ±29 43 ±4 2.3 ±0.2 22.8 ±2.3
PB -lw 0.48 8.56 ±0.86 20.1 ±2.0 57.2 ±5.7 146 ±15 28 ±3 301 ±30 45 ±5 ND^ 23.6 ±2.4
PB-3w 1.2 8.48 ±0.85 17.7 ±1.8 56.3 ±5.6 140 ±14 26 ±3 291 ±29 43 ±4 ND 23.5 ±2.4
PB-4w 0 8.89 ±0.89 63.6 ±6.4 46.5 ±4.7 359 ±36 23 ±2 271 ±27 40 ±4 2.2 ±0.2 22.6 ±2.3
PB-2w 0 8.80 ±0.88 28.5 ±2.9 47.0 ±4.7 413 ±41 25 ±2 281 ±28 42 ±4 2.0 ±0.2 24.1 ±2.4
P B -lw 0.48 8.59 ±0.86 13.4 ±1.3 45.4 ±4.5 144 ±14 25 ±3 286 ±29 43 ±4 ND 23.8 ±2.4
PB-3w 1.2 8.22 ±0.82 12.0±1.2 n a '’ 169 ±17 NA NA NA ND 23.8 ±2.4
Total
Error^
%RSD 0.0% 0.5% 5.7% 3.6% 8.3% 10.1% 4.6% 0.9% 0.9%
 ̂ N D  = V alue is b elow  detection lim it. 
 ̂ N A  = N ot A nalyzed oo
Method
P
ICP200
Sb
ICP200
Si
ICP200
W
ICP200
Zn
1CP200
Det. 0.5 0.5 0.05 0.5 0.05
Sample
Limit
Depth ppm ppm ppm ppm ppm
PB-2w
(m)
0 0.6 ±0.1 0.9 ±0.1 160.00 3.4 ±0.3 0.21 ±0.16
P B -lw 0.48 0.7 ±0.1 1.1 ±0.1
±16.00 
63.70 ±6.37 3.3 ±0.3 0.11 ±0.08
PB-3w 1.2 1.4 ±0.1 1.0 ±0.1 62.70 ±6.27 3.0 ±0.3 0.28 ±0.21
PB-4w 0 ND 0.8 ±0.1 145.00 3.4 ±0.3 0.07 ±0.05
PB-2w 0 ND 1.0 ±0.1
±14.50
148.00 3.3 ±0.3 0.11 ±0.08
P B -lw 0.48 ND 1.0 ±0.1
±14.80 
68.40 ±6.84 3.3 ±0.3 0.16 ±0.12
PB-3w 1.2 1.1 ±0.1 1.1 ±0.1 ND 3.2 ±0.3 1.34 ±0.99
Total %RSD 4.7% 7.1% 8.9% 10.2% 73.9%
Error
oo
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Fluid Chemistry Discussion
The behavior o f selected parameters can help characterize the source o f the interflow 
fluids at each site, describe solubility conditions, and establish relationships between 
fluid and sinter chemistry. The following discussion identifies important parameters to 
consider when characterizing interflow fluids and their interaction with the solid phase.
Two chemically distinct potential sources of interflow at both study sites are thermal 
waters from depth, and meteoric water from precipitation and runoff. Most likely, 
interflow represents a mixture o f these two end members in some proportion. Sodium’s 
and chloride’s conservative nature in thermal systems allows their concentrations to be 
used to describe relative mixing between thermal and meteoric waters. (Amorsson et al., 
1983; Fournier, 1977). More specifically, decreases in thermal spring Na and Cl 
concentrations usually indicate a meteoric component has mixed with and diluted the 
system (Fournier, 1977), as appears to be the case in the Excelsior sequence. Lower Na 
and Cl concentrations in the two shallower samples (EGC-1, EGC-2) indicate these 
waters have been diluted with meteoric water relative to the deep sample, EGC-3.
Further comparison o f the two shallower samples with EGC-3 (specifically differences in 
pH, K, Ca, and Br concentrations), verifies the presence of two different fluid types in the 
Excelsior interflow; shallow. Cl and Na-poor waters with a strong meteoric component, 
and deeper waters that may be diluted with meteoric water, but are closer to a Cl and Na- 
rich thermal water end-member. Figure 25 shows a pattern in Na, Ca and Cl
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Figure 25. Na and Ca vs. Cl concentrations in interflow waters from Excelsior Geyser Crater and Potts’ Basin. OO
8 8
concentrations that distinguishes the two water types at Excelsior. The dilution of 
thermal waters by meteoric waters may also prevent some o f the trace elements observed 
at Potts’ Basin (e.g., Cu, Zn, Sb) from being detected at Excelsior. Another explanation 
for the detection o f these elements at Potts' and not Excelsior, may be the juxtaposition of 
the Potts’ sequence onto the compositionally more diverse altered lacustrine deposits.
Conversely, small changes in Cl and Na concentrations in Potts’ Basin fluids from the 
spring to the outcrop interflow indicate meteoric dilution is not as prevalent. Only one 
fluid type appears to be present as interflow in the Potts’ sequence; a Cl and Na-rich 
thermal water. The lack o f meteoric influence at Potts’ may be attributable to 
precipitation uptake by the extensive vegetative cover that overlies the outcrop. The 
absence o f vegetation and soil at Excelsior allows meteoric water to directly infiltrate the 
sinters and dilute the interflow.
Temperature and pH conditions often dictate the solubility of constituents in natural 
waters, including thermal waters (Langmuir, 1997; Fournier, 1977). For example, 
decreases in temperature and pH relative to the spring source affect the solubility o f Al in 
the Potts’ Basin interflow. Figure 26 from Langmuir (1997) shows that in the pH range 
(pH = 8  to 9) o f  the Potts’ system, Al solubility decreases with decreasing pH, a trend 
that is also observed in the data. The decrease in pH from 8.9 at the spring to 8.22 in the 
interflow is paralleled by aqueous Al concentrations that drop from 2.16 ppm in the
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Figure 26. Solubility of (a) amorphous AI(OH)3, and (b) gibbsite IAl(OH)3], as a
function of pH at 25^C (Langmuir, 1997).
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spring to below detection in the interflow. Figure 26 also shows that A 1 (0 H /' remains 
the dominant hydroxy complex over the system’s pH range. Provided total Al 
concentrations remain constant, the decrease in solubility can lead to the precipitation of 
Al from solution. This has an obvious implication for the transfer o f Al to the bulk sinter 
phase. A similar decrease in Al was observed at Excelsior, however, the error associated 
with the Al data precluded a definitive interpretation.
In addition to affecting Al solubility, a drop in temperature from spring to interflow also 
decreases the solubility o f amorphous silica as shown in Figure 27. Cooling spring water 
(in this case interflow) becomes oversaturated with respect to amorphous silica, a trend 
that is well documented in thermal systems (Hinman and Lindstrom, 1997; Amorsson et 
al., 1983; Fournier and Rowe, 1966; White et al., 1956). As a result, silica precipitates to 
form siliceous sinter, which makes up the bulk of the deposits at both sites.
In summary, mixing ratios based on conservative ions, temperature, and pH appear to be 
three important parameters in studying the interflow chemistry at both sites. Relative Cl 
and Na ratios proved to be useful in identifying a mixed source of interflow at Excelsior 
and a homogenous source at Potts’ Basin. Temperature and pH trends specify decreasing 
silica and alumina solubility. This indicates a progressive transfer o f aqueous Si and Al 
to a solid phase with depth, a trend that would be reflected in bulk sinter chemistry.
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Figure 27. Solubility of various forms of silica as a function of temperature (Ellis
and Mahon, 1977).
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Sinter Chemistry Results
Sixteen sinter samples were evaluated for bulk chemistry by ICP. Six samples were 
analyzed from each site, and the remaining samples consisted o f lab and field duplicates, 
and a USGS standard. Standard comparison and blind duplicate analyses demonstrated 
satisfactory QA/QC performance. The accuracy error on the standard comparison ranged 
from 1% to 11% and averaged 7%. Elements out o f the two-pseudosigma range on 
standard (recommended) values included Fe, Na and Si. However, at 3%, the %RSD for 
the Si value was sufficiently low to validate the Si data. Precision calculated as %RSD of 
duplicate measurements ranged from 1% to 7% and averaged 4%. A general error of 
10% is estimated for all ICP values. Tables 3 and 5 provide summary data for each site. 
Complete ICP analytical and QA/QC results are included in Appendix C.
Excelsior Geyser Crater
O f the sixteen elements analyzed. Si, Na, Ca, Al, K and Ba were detected at significant 
(>0.05%) quantities in Excelsior sinters. Weight percents for these elements are reported 
in Table 3. Key observations include a slight increase in Al concentrations with depth 
and relatively uniform Si values. Although there is consistency in the Si values with 
depth, dilution o f other elements because o f secondary silicification is still accounted for 
with element to Si ratios. These ratios (and values normalized to silica) can be more 
representative o f a constituent’s behavior in a system. This is because ratios assess 
apparent losses caused by dilution effects associated with silicification or apparent gains
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caused by SiOi dissolution (Vance and Condie, 1987). For example. Excelsior Al/Si 
ratios show a smaller increase in Al from the top o f the sequence to the bottom. This is in 
contrast to the apparent two-fold increase indicated by Al content alone. The increase in 
Si with depth is relatively low, nevertheless, it appears element/Si ratios are appropriate 
for better characterizing constituent behavior in siliceous sinters.
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Table 3. Summary of Bulk Sinter Chemistry of Excelsior Geyser Crater 
Element* Na Al Si Al/Si K Ca Ba
Det.
Limit
0.01 0.01 0.01
(xlO’)
0.01 0.01 10
Units Depth (m) % % % --- — % % ppm
EGC-10 0.125 0.48 ±0.05 0.12 ±0.01 41.9 ±4.2 2.9 ±0.1 0.10±0.01 0.23 ±0.02 12 ±1
EGC-6 0.95 0.30 ±0.03 0.18 ±0.02 42.0 ±4.2 4.3 ±0.1 0.04 ±0.01 0.20 ±0.02 23 ±2
EGC-4 1.2 0.14 ±.0.01 0.18 ±0.02 41.7 ±4.2 4.3 ±0.1 0.04 ±0.01 0.45 ±0.05 ND"
EGC-3 1.325 0.32 ±0.03 0.14 ±0.01 41.3 ±4.1 3.4 ±0.1 0.05 ±0.01 0.19 ±0.02 25 ±3
EGC-1 1.855 0.14 ±0.01 0.17 ±0.02 41.5 ±4.2 4.1 ±0.1 0.03 ±0.01 0.21 ±0.02 13 ±1
EGC-11 2.1 0.24 ±0.02 0.23 ±0.02 42.1 ±4.2 5.5 ±0.1 0.05 ±0.01 0.16 ±0.02 ND
Total %RSD 7.9% a i? 4 3.6% -4% 12.2% 4.0% 6.3%"
Error*®
To calculate gains and losses with depth for individual elements and element ratios at 
Excelsior, reported weight percent values were normalized to 100% and then divided by 
normalized values in the shallowest sample, in this case, EGC-10. Elements that were 
gained over the section result in a calculated value greater than one; elements that were 
lost resulted in a calculated value less than one. Note that Ba and Zr concentrations were 
converted from ppm to weight percent before statistical procedures were carried out. A
* Mn was detected at 0.02% for all samples.
 ̂ND = Value is below detection limit.
Total Error = Accuracy error determined from standard comparison + Precision error determined from 
laboratory duplicate comparison. A minimum error o f 10% was designated to determine ± values.
" Ba was detected near the detection limit in the sample and below the detection limit in the duplicate 
(EGC-10 = 12 ppm; EGC-10 dup = <10ppm). This value only represents accuracy error based on 
comparison to USGS published standard data.
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plot o f these results for Excelsior (Figure 28) shows the behavior o f selected elements 
with depth. Na and K are consistently lost relative to the near surface sample with depth. 
K shows the most consistent loss with each depth level. Al is gained with depth for all 
samples. The sample containing the streamer fabric (EGC-4) shows an anomalous gain 
in Ca and an anomalous loss in Na .
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Figure 28. Qualitative Gains and Losses in Bulk Sinter Chemistry - Excelsior 
Geyser Crater, Values Relative to EGC-10 (0.125m)
Pearson’s r correlation statistics were computed to identify site-wide relationships 
amongst constituents. The significance o f the r statistic was evaluated using a one-tailed 
significance test at 90% and 95% confidence intervals. Ba concentrations were converted 
from ppm to weight percent before correlation procedures. Values in Table 4 indicate a 
negative correlation between Na and Al and between K and Al and a positive correlation 
between K and Na. Although it is not statistically significant at the 95% level, there does 
appear to be a negative correlation between Ba and Si.
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Table 4. Correlation of Selected Bulk Sinter Weight Percents -  Excelsior Geyser 
Crater
n=7 Na Al Si K Ca Ba
Na Pearson’s 
r statistic
1 . 0 0 0 -.706* .437 3U8** -378 .076
p-value ^38 .164 . 0 0 2 . 2 0 2 .436
Al Pearson’s 
r statistic
-.706* 1 . 0 0 0 .125 -^82* - . 0 1 1 -.194
p-value ^38 395 .046 .491 338
Si Pearson’s 
r statistic
.437 .125 1 . 0 0 0 .476 -.145 -.527
p-value .164 395 .140 378 . 1 1 2
K Pearson’s 
r statistic
.918** -.682* .476 1 . 0 0 0 -.145 -.268
p-value . 0 0 2 .046 .140 378 .281
Ca Pearson’s 
r statistic
-378 - . 0 1 1 -.145 -.145 1 . 0 0 0 -.380
p-value . 2 0 2 .491 378 378 . 2 0 0
Ba Pearson’s 
r statistic
.076 -.194 -.527 -368 -380 1 . 0 0 0
p-value .436 .338 
* Correlation is significant at the 0.05
. 1 1 2  .281 
level ( 1-tailed).
. 2 0 0
** Correlation is significant at the 0.01 level (1-tailed).
High Si weight percents and relatively high Na and Ca concentrations characterize 
Excelsior sinter chemistry. A1 concentrations also appear to increase with depth. Gain 
and loss patterns show A1 gaining throughout the Excelsior sequence. Noticeable losses 
are observed in Na and K concentrations.
Potts ' Basin
Elements detected in significant quantities (>0.05%) at Potts’ included Na, Al, Si, K, Ca, 
B, Fe and Zr. Table 5 shows that at Potts’ Basin, Al concentrations increase with depth
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and peak at 1.57% in PB-1. High Zr and Ba concentrations are also measured at PB-1, 
near the basal contact between the sinter and altered lacustrine deposit. Fe slightly 
increases with depth and has a relatively high value in PB-6 , which has a brecciated 
texture with streamer sub-fabric.
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Table 5. Bulk Sinter Chemistry of Potts’ Basin
Element*^ Na Al Si Al/Si K Ca Fe Zr Ba
(xlO^)
Det. Limit 0.01 0.01 0.01 ----- 0.01 0.01 0.01 10 10
Units Depth % % % -  —- % % % ppm ppm
(m)
PB-2 0.05 0.14 0.56 43.2 13.0 0.14 0.06 0.05 13 ±3 44 ±9
±0.02 ±0.06 ±4.3 ±1.3 ±0.01 ±0.01 ±0.01
PB-5 0.26 0.20 0.46 41.1 11.2 0.14 0.06 0.05 ND^ 35 ±7
±0.03 ±0.05 ±4.1 ±1.1 ±0.01 ±0.01 ±0.01
PB-6 0.315 0.25 0.70 41.8 16.7 0.21 0.06 0.22 19 ±4 38 ±8
±0.03 ±0.07 ±4.2 ±1.7 ±0.02 ±0.01 ±0.04
PB-7 0.735 0.21 0.79 41.8 18.9 0.22 0.08 0.15 20 ±4 60
±0.03 ±0.08 ±4.2 ±1.9 ±0.02 ±0.01 ±0.03 ±12
PB-9 0.965 0.16 0.61 41.5 14.7 0.18 0.09 0.09 16 ±3 56
±0.02 ±0.06 ±4.2 ±1.5 ±0.02 ±0.01 ±0.02 ±11
PB-1 1.1 0.16 1.57 41.8 37.6 0.21 0.08 0.20 43 ±9 68
±0.02 ±0.16 ±4.2 ±3.8 ±0.02 ±0.01 ±0.04 ±13
Total % RSD 13.794 5.2% 3.8% -9% 10% 5.6% 18.4% 20.3%'-' 19.6%
Error 14
Statistical analyses completed for the Excelsior data was also conducted on the Potts’ 
Basin data set including correlation coefficient computation and weight percent
Mg, P, Ti, and Cr were detected in trace quantities (at or very near the detection limit) in various 
samples. Because o f these data’s proximity to the detection limit they are not included in this table or in 
statistical analyses.
ND = Value is below the detection limit.
Total Error = Accuracy error determined from standard comparison + Precision error determined from 
laboratory duplicate comparison. A minimum error o f  10% was designated to determine ± values.
This value represents only precision error based on laboratory duplicate comparison. RGM-1 Zr weight 
percent is not provided in the USGS published standard data.
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normalization to determine relative element gain and loss. Ba and Zr concentrations 
were converted from ppm to weight percent before statistical procedures were carried 
out.
Qualitative gain and loss patterns for Potts’ Basin (Figure 29) show a more consistent 
trend with depth than Excelsior. With the exception o f Al, Zr and Ba in one sample (PB- 
5), there were no significant losses with depth in major elements at Potts’ Basin. Gains in 
samples at lower depths, particularly the grainstone, PB-1, were observed for Fe, Zr and 
Al. This further supports the initial observation that Al is increasing with depth at Potts’ 
Basin. The largest gain in Fe is in the sample with streamer fabric, PB-6 . Overall gains 
in PB-9 appear to be less than gains in the adjacent shallow (PB-7) and deep (PB-1) 
samples. PB-9 was the only sample analyzed that contained significant palisade texture.
Table 6  provides the Pearson’s r correlation statistic for various Potts’ Basin samples. A 
strong (p-value<0.01) positive correlation exists between Al and Zr, K and Fe, and Ca 
and Ba. Other significant positive correlations (p-value<0.05) exist between Al and Fe,
Al and Ba, Fe and Zr, and Ba and Zr. Potassium showed non-significant positive 
correlation with an r-value greater than 0.500 with Al, Zr and Ba. Significant negative 
correlations were not observed in Potts’ Basin weight percents.
101
10.0000 1
(D
i
1.0000
0.1000 J
n
t f n r tfi T I n-ril Tin r m
PB-5
(0.26m)
PB-6
(0.32m)
PB-7
(0.74m)
PB-9
(0.97m)
PB-1
(1.1m)
□  A l / S i
Figure 29. Qualitative Gains and Losses in Bulk Sinter Chemistry - Potts' Basin,
Values Relative to PB-2 (0.05m)
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Table 6. Correlation of Selected Weight Percents -  Potts’ Basin
n= 8  Na Al Si K Ca Fe Zr Ba
Na Pearson’s 1.000 
r statistic
-.420 -.427 .393 -369 393 -.454 -.427
p-value .150 .146 .167 .184 .240 .129 .145
Al Pearson’s -.420 
r statistic
1 . 0 0 0 -.040 .502 346 367* .981** 363*
p-value .150 .463 . 1 0 2 . 2 0 1 .035 .000 3 3 7
Si Pearson’s -.427 
r statistic
-.040 1 . 0 0 0 -.281 -.130 -332 .057 .101
p-value .146 .463 .250 380 390 .446 .406
K Pearson’s .393 
r statistic
^02 -.281 1 . 0 0 0 384 370** .533 .51 1
p-value .167 . 1 0 2 350 .174 . 0 0 2 .087 .098
Ca Pearson’s -.369 
r statistic
346 -.130 384 1 . 0 0 0 389 .419 .847*
p-value .184 . 2 0 1 380 .174 .417 .151 .004
Fe Pearson’s .293 
r statistic
^67* -332 .870** 389 1 . 0 0 0 385* .297
p-value .240 .035 390 . 0 0 2 .417 .031 .237
Zr Pearson’s -.454 
r statistic
.981** .057 .533 .419 385* 1.000 .703*
p-value .129 . 0 0 0 .446 387 .151 331 .026
Ba Pearson’s -.427 
r statistic
^63* . 1 0 1 .511 347** 397 .703* 1.000
p-value .145 .037 .406 398 .004 .237 .026 .
* Correlation is significant at the 0.05 level (1-tailed). 
** Correlation is significant at the 0.01 level ( 1-tailed).
Sinter chemistry is more variable at Potts’ Basin than Excelsior based on a general 
comparison o f results from both sites. Fe, Zr was detected in significant quantities at 
Potts’ Basin in addition to the same suite o f elements found at Excelsior (Na, Al, Si, K, 
Ca, Ba). Al, K and Ba concentrations are much greater at Potts’ Basin than at Excelsior 
Geyser Crater. Conversely, Na and Ca concentrations are greater at Excelsior.
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In contrast to the variable gain/loss patterns for Excelsior, Potts’ Basin samples 
consistently show gains in Na, Al, K, Ca, Fe, Zr. Further, based on a gain/loss 
calculations and correlation analysis, it could be argued that anomalous patterns occur in 
sinters with sub-textures that are different from adjacent samples. An example of this 
includes EG C-4’s (a breccia with sinter sub-texture) anomalous Na, Ca and Al pattern 
compared to adjacent samples EGC - 6  and EGC-3.
EDS Results
In addition to the ICP analysis, EDS further characterized bulk sinter geochemistry. 
Although it is a semi-quantitative method, EDS is advantageous because it allows 
analysis o f selected volumes on a slide or bulk sample. For example, EDS is effective in 
determining high-resolution element distribution in and around microbial structures. The 
following data were obtained using point analysis, line scan (series o f points) and 
elemental mapping coverage techniques.
Al was detected in sinter material from both sites at significant (up to 70%) 
concentrations. Some o f the Al concentrations observed during thin section analysis, 
however, represent contamination from the slide preparation procedure. Given the soft 
nature o f the sinter material, it is likely that some o f the polishing grit (AI2O3; corundum) 
used during this procedure was inadvertently incorporated into the thin section. Material 
in thin section with Al concentrations greater than 15% was regarded as grit 
contamination. Nevertheless, the presence o f “natural” Al in Excelsior and Potts’ Basin
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samples is confirmed by EDS analyses on bulk samples mounted on stubs, and by 
bulk sinter ICP analysis.
Point analyses
Results from selected point analyses and line scans were used to characterize the 
presence and distribution o f the major elements detected in samples for both sites. These 
elements, in order o f decreasing average concentration, included Si, Al, Fe, Ca, K and 
Na. Cl, which was also detected in significant quantities, was used as an indicator o f thin 
section epoxy. The matrix, filament walls and filament interiors were the focus areas of 
the EDS analysis. Si and Al were the dominant constituents in all focus areas for both 
sites.
An overall comparison of log normal point concentrations in Potts’ Basin matrix and 
filaments reveals a positive correlation between Si and Al*^. Pearson’s r correlation 
statistic indicates this relationship is significant (p-value < 0.01) at a 95% confidence 
interval. This same correlation was not observed at Excelsior, however, the Excelsior 
point analyses data set might have been too small (n = 15; Potts’ Basin, n = 228) to detect 
a relationship.
Al concentrations greater than 10% were not included.
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Increased Al concentrations around filament interiors are observed in samples from 
both sites. Excluding point analyses with higher Al concentrations thought to represent 
grit contamination, Al concentrations rose from 0% -l%  in the matrix to around 5% 
within the filaments. The diagram in Figure 30 provides an example of this distribution 
in a filament from Potts’ Basin.
Matrix Normalized Concentrations (Wt %)
-□ A l
0M g
□  Na □ Ca
B Filament Wall Normalized Concentrations 
(Wt %)
.^□ A l
□  Mg
□  Ca
□  Na
Filament Interior Normalized Concentrations
(Wt %)
□  Al
Figure 30. EDS weight percents for three areas around a filament in Potts’ Basin sample PB-2, 
Analyses were completed within the (A) matrix (B) filament wall, and (C) filament interior.
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Table 7 provides additional data, including Al concentrations from stub mounted 
bulk samples from each site (EG C-11, PB-4). Again, a similar increase in Al 
concentrations is observed in filament interiors for the stub sample. This is significant in 
confirming the validity o f this observation because no Al concentrations in the stub 
samples are thought to be contamination.
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Table 7. Semi-quantitative EDS results for stub mounted sinter samples
Sample Point Si wt
w
Erro
r+/-
Al wt
%
Error
+/-
Spectra
notes
Location of 
Analysis
EG C -11 1 97.94 1.51 2.06 0.75 High Si, 
minor Al
Interior o f 
isolated filament
EG C -11 2 95.39 0.86 3.59 0.64 High Si, 
minor Al, 
trace Ca
Side o f isolated 
filament
PB-4 1 94.12 1.23 5.88 0.60 High Si, 
minor Al
Interior o f 
isolated filament
PB-4 2 96.89 1.32 2.34 0.61 High Si, 
minor Al
Exterior of 
isolated filament
PB-4 3 96.35 1 . 01 1.87 0.65 High Si, 
minor Al
Matrix
X-ray maps
A similar Al distribution was identified in x-ray maps o f thin sections. Figure 31 shows 
binary x-ray maps o f Al and Si detections for two samples from Excelsior (EGC-10 and 
EGC-12) and one sample from Potts’ Basin (PB-11). The binary maps were generated 
from backscattered x-ray data collected on the JEOL 6100. Each colored pixel in the 
map represents an area where a specific element is detected; black pixels represent areas
All wt % values are semi-quantitative, normalized to 100% and should be used for comparative purposes 
only.
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Figure 31. X-ray binary maps for Al and Si.
Al cones, are represented in the plots on the left ; Si is on the right, (A) EGC-10 (B)
EGC-12 (C )P B -ll
110
where an element is not detected. EGC-10 in Figure 31a provides the most distinct 
pattern o f  Al concentration in filament interiors. Here, the large number of Al detections 
in the spaces where Si is absent may indicate that the filament interior was rubbed out 
and replaced with grit. A filament in the x-ray map from PB -11 shows a similar pattern. 
There were no distinct patterns in the other elements (Ca, Na, Fe, Ti, Mn) mapped. In 
fact, many o f the detections for the trace elements such as Mn may represent instrument 
noise.
Backscattered electron imaging (BEI) also provides additional information on the relative 
density o f the sample. : .ser, higher atomic weight materials show up as dark areas in
the backscattered electron images and lighter, lower atomic weight materials show up as 
light areas, as shown in Figure 32. Consequently, the denser and darker epoxy is easily 
distinguished from the lighter silica. The backscattered patterns for EGC-10 and EGC-12 
confirm the presence o f epoxy in the interior o f the two distinct filaments. Further, the 
array o f grey scale values representing the silica in the BEls is consistent between the 
three samples. These values and a characteristic diffuse pattern are different compared to 
the solid pattern observed for the altered lacustrine deposit (PB -13) that contains volcanic 
glass and crystalline material (Figure 32). This suggests backscattered imaging may be 
used for recognizing phase changes in sinter materials. Such a phase change, however, 
was not observed within the suspected relatively young sinter sequences from either site.
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Figure 32. BSE Images.
(A) EGC-10 (B) EGC-12 (C) PB-11 (D) PB-13
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Loss on Ignition
Relative diagenetic advancement in these deposits may be inferred based on LOI values. 
Higher concentrations o f structural CO: or water vapor lead to higher LOI values. 
Consequently, decreases in LOI values may be used as a proxy for diagenetic 
advancement. Fourteen samples - six from each site, one duplicate and one blank, were 
analyzed for LOI. Table 8 shows the similarity of the values from each site. Statistical 
analysis does not detect a difference between the mean LOI for each site (p-value=0.023), 
and there does not appear to be a depth-dependent trend at Excelsior or Potts’ Basin.
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Table 8. Loss on Ignition (LOI) in Bulk Sinter Samples
Sample Depth
(m)
LOI
W eight
Percent
18
E rro r‘S
+/-
Texture
Excelsior Geyser 
C ra te r
EGC-10 0.1-0.15 2.52% 0J3%4 palisade
EGC - 6 0.9-1 2.28% 0 .1 1 % palisade
EGC-4 1 . 2 2.46% 042^6 streamer
EGC-3 1.3-1.35 2.94% 0J5%4 palisade
EGC-1 1.85-1.86 2.46% 0 J 2%6 palisade
EG C-11 2 . 1 2.70% 013^6 palisade
Potts’ Basin
PB-2 0 -0 . 1 2.54% 0J3%4 breccia with 
palisade subtexture
PB-5 0.24-0.28 2 .0 2 % 0 . 1 0 % breccia
PB - 6 0.28-0.35 Z19%4 0 .1 1 % breccia with 
streamer subtexture
PB-7 0.72-0.75 2.25% 0 . 1 1 % breccia
PB-9 0.93-1 Z17%4 0 . 1 1 % breccia with 
palisade subtexture
PB-1 1.1 2.38% &12Ï4 grainstone
Weight loss o f blank crucible (0.0065 g) after drying was added to the crucible + sample weight before 
calculating weight loss percent.
Values are based on a Total Relative Standard Deviation (%RSD) = 5%; Total error was calculated by 
combining the accuracy and precision error determined from duplicate analysis and mass standard 
measurement.
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Total Organic Carbon
Similar to LOI, decreases in TOC may be an indicator o f diagenetic progress. Evidence 
o f organic material preservation has been cited at Q ueen’s Laundry and Excelsior Geyser 
Crater (Cady and Farmer, 1996), however, as diagenesis proceeds, organic carbon 
represented by microbial sheath material may be degraded or replaced by silica (Cady 
and Farmer, 1996). In response, TOC values should decline. Twelve samples -  six per 
site, two duplicates and multiple standards were analyzed for TOC. Inorganic carbon 
was detected in EGC-10, EGC - 6  and EGC-3. The total carbon in the remainder of the 
samples, including all samples at Potts’ Basin, consisted entirely o f organic carbon.
With the exception of EGC-3, TOC slightly decreases with depth in Excelsior samples. 
This trend is more evident when the TOC values are normalized to a silica-free value, as 
shown Table 9. The near surface samples at both sites have the largest TOC values. 
EGC-1 G’s normalized value is approximately two times larger than most values in the 
deeper samples. At Potts’ Basin there doesn’t appear to be a depth-dependent trend in 
TOC, however, the highest values are in breccias with prominent microbial subtextures 
(PB-2, PB-6 ) and in the grainstone (PB-1). The mechanism by which the organic carbon 
appears to be concentrated in sub-textures is addressed below in the general discussion of 
sinter chemistry.
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Table 9. Total Organic Carbon (TOC) and Si Normalized TOC in Bulk Sinter
Sample Dept 
h (m)
Percent
TOC
Error^^
+/-
TOC/
Si
Ratio
X 1 0 ^
Si-
Normalized
%TOC
Texture
Excelsior
Geyser
Crater
EGC-10 0.125 0.289% 0.03% 68.87 0.168% palisade
EGC - 6 0.95 0 . 1 2 1 % 0 .0 1 % 28.79 0.070% palisade
EGC-4 1 .2 0.106% 0 .0 1 % 25.37 0.062% streamer
EGC-3 1.325 0.173% 0 .0 2 % 41.98 0 . 1 0 2 % palisade
EGC-1 1.855 0.103% 0 .0 1 % 24.91 0.060% palisade
EGC-11 2 . 1 0.090% 0 .0 1 % 21.41 0.052% palisade
Potts’
Basin
PB-2 0.05 0.145% 0 .0 2 % 33.50 0.082% breccia
with
palisade
subtexture
PB-5 0.26 0.093% 0 .0 1 % 22.73 0.055% breccia
PB - 6 0.32 0.116% 0 .0 1 % 27.70 0.067% breccia
with
streamer
subtexture
PB-7 0.73 0.097% 0 .0 1 % 21.58 0.056% breccia
PB-9 0.96 0.090% 0 .0 1 % 26.47 0.053% breccia
with
palisade
subtexture
PB-1 1.1 0 . 1 1 0 % 0 .0 1 % 26.28 0.064% grainstone
V alu es are based on a Total R elative Standard D eviation  (% RSD ) = 10%; Total error w as calculated by 
com b in in g  the accuracy and precision  error determ ined from  duplicate analysis and CaCO ] standard 
m easurem ent.
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Sinter Chemistry Discussion
Changes with depth in the many parameters measured to characterize sinter geochemistry 
were not as distinct as anticipated. This could be a function o f the suspected relatively 
young age (e.g., <10^ years old) of the deposits at both sites. Nevertheless, ICP and EDS 
bulk analysis, and TOC procedures provided valuable information on the behavior and 
distribution o f elements as a function o f early diagenesis. The discussion begins with 
mechanisms o f element distribution in the sinters.
Elements can become incorporated into a siliceous sinter through adsorption, substitution 
and coprecipitation with silica (Nicholson and Parker, 1990). Most o f the metals 
included in this analysis are complexed by the various available ligands (Cl, OH, F, S04 
or S) and transported as an anionic species at these pH values (Nicholson and Parker, 
1990). Site pH conditions, however, exceed the isoelectric point for amorphous silica 
(pH = 2-3.5) (Her, 1979) and, consequently, the silica surface, like the anions in solution, 
is negatively charged. Surface adsorption, therefore, is not a likely process by which 
metals are incorporated into the sinters (Nicholson and Parker, 1990). Substitution, and 
particularly coprecipitation, are possible alternative mechanisms.
Coprecipitation appears to be an important process by which Al is included into the 
Excelsior and Potts’ Basin sinters. Her (1979) states there is a peculiar affinity between 
the oxides o f aluminum and silicon, and several experiments (see Her, 1979 p. 80) have
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demonstrated alumina codepositing with silica as aluminosilicate ions in a silicate 
matrix. ICP bulk analysis and EDS showed that, next to silica, aluminum was detected in 
the highest concentrations in bulk sinter samples from both sites. Further, bulk gain/loss 
diagrams show a significant increase in Al concentrations with depth at both sites. In 
contrast, aqueous Al concentrations at Potts’ Basin, show an opposite trend with 
concentrations decreasing from around 2 ppm in the spring to non-detect in the interflow. 
A similar trend is also observed in aqueous Al concentrations at Excelsior, however, this 
trend cannot be confirmed due to the large amount o f error associated with data. Because 
there is no discernible decrease in bulk phase Si concentrations to accompany the 
increase in solid phase Al, substitution doesn’t appear to be as dominant as 
coprecipitation. The coprecipitation o f Ai with Si is facilitated by the decrease in 
interflow temperature and pH with depth. In the range o f pH (7-9) observed at each site 
the solubility o f Al decrease with decreasing pH, as shown in the Al solubility diagram 
for amorphous aluminum hydroxide (Figure 26). This results in the transfer of Al to the 
bulk phase by coprecipitation with Si. It is likely this process is occurring at both sites, 
however, it is more evident at Potts’ with the given data sets.
A significant positive correlation between log normal Al and Si concentrations in bulk 
material at Potts’ further supports a coprecipitation mechanism between Al and Si. EDS 
analysis was also useful in identifying the spatial distribution o f Al. A key observation 
was the increased Al concentrations in filament interiors. It is recognized that the
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increased Al concentrations in the thin section filaments may represent grit 
contamination, however, the consistency o f this observation across many samples and the 
confirmation provided by EDS analyses o f bulk samples certainly warrants further 
investigation. Accepting the possibility o f grit contamination, the presence o f Al within 
the filaments could also reflect the following scenario. At higher pH, Al is more soluble 
and mobile (Langmuir, 1997), allowing it to be transported through the sinters and into 
contact with the filaments, specifically with the remnant microbial material inside the 
filaments. Experiments in soil waters (Cozzarelli et al., 1987) have demonstrated the 
presence o f Al in solution as a complex, with a large percentage o f Al forming strong 
organic complexes. Their system contained maximum pH values around 7, which are 
lower than the Excelsior and Potts’ Basin waters (pH 8-9). However, the Al spéciation 
diagram in Figure 26 reveals the dominant form of Al remains Al(OH)"^’ from pH 6 to 9. 
A lum inum ’s affinity to form strong organic complexes might explain the increased Al 
concentrations in filament interiors where high concentrations o f microbial material 
occur. Once complexed with the microbial material, the Al is eventually immobilized in 
place and concentrated because o f decreasing pH; a trend that is observed from spring to 
outcrop at Potts’ Basin and with depth at Excelsior. Over time, the organic compounds 
degrade and the Al could remain in place, perhaps as a biomarker, or ghost o f filament 
structure.
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Another interesting element distribution pattern is generated by an apparent textural 
control o f TOC concentrations. Although TOC concentrations showed minor variability 
with depth and no difference between the site-wide mean concentrations (p-value = 
0.205), or the site-wide normalized mean concentrations (p-value = 0.198) at each site, 
TOC values appear to be highest in breccias with subtextures. This is best demonstrated 
at Potts’ Basin where silica normalized TOC values in breccias with sub-textures (e.g., 
PB-2, PB-6, PB-1) are apparently higher (p-value = 0.093) than silica normalized TOC 
values in breccias with no significant sub-texture. The increased TOC contents in PB-2 
and PB-6 may be explained by differences in filament structure and orientation.
Filaments in brecciated layers are often broken open and jum bled making their interior 
organic residues, (most likely remnant microbial material (Cady and Farmer, 1996)) more 
susceptible to leaching. However, both PB-2 and PB-6 contain palisade fabrics with high 
concentrations o f oriented, structured, intact filaments. It is possible the relative lack of 
fragmentation o f the filament molds in the palisade textures might better contain interior 
organic material and thereby limit transport of organic material away from these layers. 
Further, the geometry and/or surface properties (increased surface area) o f the intact 
structures may serve as preferred sorption sites for organic compounds. This apparent 
textural localization o f organic compounds is also apparent in thin section. The fabric in 
PB-6 is characterized by increased concentrations o f brown, possibly organic, material 
focused in and around streamer filaments (Figure 33). It should be noted that this 
argument makes the assumption that PB-2 and PB-6 contain roughly equal concentrations
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Figure 33. Possible concentration of organic matter in streamer fabric, PB-6.
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o f filaments as other sequences; an assumption that appears to be valid based on 
rough percentage estimations made during SEM and thin section observations. PB-1 
doesn’t contain the filaments characteristic o f the palisade and streamer fabric. Instead 
there is abundant silicified plant and root material as observed in hand sample and thin 
section. Like the palisade clasts, however, this sequence has undergone minor 
brecciation. Most plant fragments and even delicate silicified insect abdomens and 
thoraxes, remain intact. Even though much o f the organic material has been replaced by 
silica in PB-1, it is possible the lack o f brecciation prevented loss o f residual carbon, as 
reflected in the higher TOC value. In addition, textural control on concentrations may 
not be limited to TOC. The anomalous gain/loss pattern for Ca and Na concentrations in 
EGC-4 and Fe concentrations in PB-6, both o f which contain streamer fabrics, might also 
be evidence o f such a control for other elements. A link between texture and element 
distribution could be key in identifying microfacies and examining biogenic evidence 
using chemoindicators or biomarkers.
In summary, key elements in describing diagenetic advancement associated with 
microbial structures and textures appear to be Al, Si and TOC. Coprecipitation with Si 
appears to control solid phase Al concentrations. Further, Al distribution appears to be 
concentrated around microbial filaments possibly in association with increased Al- 
organic complexation. Al contamination from slide preparation, however, may have 
altered some solid phase Al distribution patterns, thus warranting additional investigation.
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TOC distribution appears to be texturally controlled as organic carbon concentrations 
arc increased in breccias with sub-textures.
H ydraulic properties o f  the sinters
In the shallow vadose zone setting o f these two sites, a textural control o f an elem ent’s 
distribution pattern or changes in consolidation amongst layers may reflect differences in 
the hydraulic properties o f the sinters amongst different layers. Variations in the rate or 
magnitude o f flow through a layer can affect steady state aqueous, and eventually over 
time, solid phase concentrations. Transport limited reactions may rely heavily on the 
hydraulic properties o f the porous media. Further, the majority o f the chemical processes 
o f early diagenesis occur in association with an aqueous medium (Folk, 1965; Rutter, 
1976). Dissolution, coprecipitation, ion migration and exchange, and replacement are 
early diagenetic changes that are dependent on fluid movement through the porous 
media. Bathurst (1975) stresses the importance o f considering flow volumes and rates 
when characterizing cementation processes. Large amounts o f flow provide the 
necessary mechanism by which solutes are transported in and out o f a given volume. A 
general statement that elucidates this point is that for every one pore full o f cement, 
twenty thousand pore volumes must have moved through the system (Bathurst, 1983). As 
observed during outcrop field observation (see Chapter 1) transmissivity may dictate the 
level o f initial consolidation and preservation for a given microfacies or texture during 
early diagenesis. For these reasons, the hydraulic properties o f the sinters from each layer 
were estimated. The location and nature o f the study sites prohibit estimations o f flow.
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however, field observations on water saturation and laboratory estimations o f water 
content, porosity, and permeability provide an initial characterization o f the sinter’s 
hydraulic properties.
Field Obsen^ations
Breccias were the most visibly saturated layers at both Excelsior and Potts’ Basin. 
Flowing seeps were observed in imbricated breccias at Potts’ Basin, and many palisade 
layers were noticeably dry. Palisade sinters at Excelsior appeared moderately damp, 
however, upper and lower siliceous substrates appeared to impede vertical flow. Small 
geopetal fill structures were observed on top o f these substrates. The fill consisted of 
very fine grained, aggregate silica deposited as irregular layers in shallow depressions. 
Relative apparent saturation increases with depth at both sites, however, more delicately 
textured sequences, such as layers with palisade and streamer fabric, appear to act as an 
aquitard; while the brecciated layers appear to be more transmissive.
Water Loss
Percent water loss is an auxiliary parameter measured during LOI analyses. This value is 
determined by the weight change in bulk sinter samples after an extended period of 
drying at 1 IOC. As a proxy for the amount o f residual water sorbed to the silica surface, 
water loss percent can be used to estimate water content and, evaluate relative 
microporosity.
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Table 10 shows a slight increasing, depth dependent trend in Excelsior water loss 
values. However, a depth dependent trend is not as apparent at Potts’ Basin. Comparison 
o f samples from different depths with similar textures at Potts’ Basin (i.e., PB-2 and PB- 
9) might suggest a decrease in water loss with depth, however, the data are not 
conclusive. These patterns with depth are contrary to diagenetic trends that show 
decreased water content or (decreased water loss) with depth as a result o f dewatering 
(Bathurst, 1983; Berner, 1980). This discrepancy is most likely because o f the 
differences in outcrop scale, the shallow nature o f the studied sequence and the age of the 
deposits. There does, however, appear to be a relationship between water loss and 
texture. Samples at Potts’ Basin with palisade interlayers, streamer subtexture and the 
grainstone all have water loss percentages that are lower than the breccias. Finally, water 
loss in Excelsior sinters is, on average, higher than water loss in Potts’ Basin sinters. A 
univariate one-way ANOVA shows the means, 1.47% and 0.86% respectively, are 
statistically different (p-value=0.03).
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Table 10. Water Loss in Bui k Sinter Samples
Sample Depth
(m)
Water
Loss
(g)"
Water
Loss
Weight
Percent
Error^^
+/’
Texture
Excelsior Geyser 
Crater
EG G -10 0.125 0.0079 E37% 0.07% palisade
EGC-6 0.95 0.0089 1.42% 0.07% palisade
EGC-4 1.2 0.0087 1.51% 0.08% streamer
EGC-3 1.325 0.0076 E50% 0.07% palisade
EGC-1 1.855 0.0059 E24% 0.06% palisade
EGC-11 2.1 0.0131 E80% 0.09% palisade
Potts’ Basin
PB-2 0.05 0.0043 0.84% 0.04% breccia with 
palisade 
subtexture
PB-5 0.26 0.0072 E33% 0.07% breccia
PB-6 032 0.0007 04394 0.01% breccia with 
streamer 
subtexture
PB-7 0.73 0.0083 E39% 0.07% breccia
PB-7 duplicate 0.73 0.0077 131% 0.07% breccia
PB-9 &96 0.0071 130% 0.06% breccia with 
palisade 
subtexture
PB-1 1.1 0.0034 0.63% 0.03% grainstone
Blank --- 0.0057 --- --- ---
Weight loss o f  blank crucible (0.0057 g) after drying was subtracted from these values before calculating 
weight loss percent.
2: Values based on a Total Relative Standard Deviation (%RSD) = 5%; Total error was calculated by 
combining the accuracy and precision error determined from duplicate analysis and mass standard 
measurement.
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Porosity
The porosity o f ten samples, five from each site was determined using pétrographie 
image analysis (PIA). Samples were chosen to represent the various textures observed in 
thin section and to provide sufficient depth coverage. Ten FOVs were digitally acquired 
for each sample and converted to binary images. Figure 34 provides a sample sequence 
o f the output produced from the PIA technique, including the initial, the different stages 
o f binary processing and the final array of measured pore areas.
Figure 35 and 36 are box plots that show the distribution o f the porosity values, including 
outliers, for Excelsior and Potts’ Basin. The Excelsior porosity boxplots’ wide inner- 
quartile ranges (IQR) demonstrate the large spread in the data for each sample. Many of 
the Excelsior distributions are skewed and an outlier^^ is identified in the data set for 
EGC-8 and EG C-11. Compared to the Excelsior boxplots, the IQRs for the Potts’ Basin 
boxplots are narrower and there is more evidence of multiple porosity distributions. One
An outlier is defined as a value that is less than Q, - 1.5(IQR) or greater than Q3 + 1.5(IQR); where Q, = 
lower quartile, Q 3 = upper quartile and IQR = the inner quartile range (Ott, 1993).
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Table 11. Further, outliers were removed for all statistical analysis including 
ANOVA and post hoc multiple comparison procedures.
&
%
sScale for _____  
all photos: 200 pm
Figure 34. Sample PIA Processing Sequence.
(A) initial image (B) colors fixed (C) density slice (D) raw binary (£) processed binary (one open/close iteration) w
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Figure 35. Porosity and permeability distributions -  Excelsior Geyser Crater 
P = palisade sinter, B = sinter breccia, Bw/P = breccia with palisade
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Figure 36. Porosity and permeability distributions -  Potts’ Basin. 
P = palisade sinter, B = sinter breccia, Bw/P = breccia with palisade
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Relatively high %RSD values calculated for Excelsior and Potts’ Basin porosity 
values indicate significant sources o f error (Table 11). The natural heterogeneity of the 
sample, artificial porespace (e.g., rub-out) created during thin section preparation, and 
resolution limitations associated with the image acquisition system are all sources o f error 
in the PIA procedure. Also because o f this error, formal statistical techniques were 
important in identifying trends in the data. Nevertheless, because o f the large error 
associated with the data, these trends are identified with caution.
Table 11. Sinter porosity determined by PIA
Sample Depth Avg. Pore Avg. Porosity %RSD Texture
[m] Area [um ]̂ 24
EGC-8 0.415 46821.80 0.13 ±0.02 14% palisade
EGC-7 0.69 67495.37 0.19 ±0.03 17% breccia
EGC-5a 1.125 53894.39 0.15 ±0.03 18% breccia
EGC-5b 1.125 60463.40 0.17 ±0.03 17% breccia with palisade
subtexture
EGC-11 2.1 51848.24 0.15 ±0.02 14% palisade
PB-2 0.05 28464.43 0.08 ±0.01 14% breccia with palisade
subtexture
PB-4 0.23 29947.33 0.09 ±0.03 30% breccia with palisade
subtexture
PB-7 0.735 57932.03 0.16 ±0.02 14% breccia
PB-8a 0.9 39878.07 0.11 ±0.03 25% breccia
PB-11 1.02 48022.49 0.14 ±0.02 12% palisade
FOV — 351396.94
area um^
%RSD based on measurements o f 10 FOVs per sample.
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Excelsior Geyser Crater
Table 11 and Figure 35 shows the similarity o f average porosity values in Excelsior 
samples. There does not appear to be a depth dependent trend in the porosity values'^ (p- 
value=0.523). However, when the data are grouped according to texture (i.e. palisade, 
breccia, and breccia with palisade), trends in porosity values emerge. Upon establishing 
a general significant relationship between texture and porosity (p-value=0.002) at 
Excelsior, post hoc multiple comparison procedures show palisade fabrics have 
significantly lower porosities than sinter breccias (p-value=0.004) and breccias with 
palisade porosities (p-vlaue=0.022). Two-factor (texture, depth) ANOVA results indicate 
similar relationships.
Potts’ Basin
Overall, porosity values at Potts’ Basin are lower than values at Excelsior (p- 
value=0.000) (Table 11). Figure 36 shows the increased variability in porosity at Potts’ 
Basin, and statistical analysis indicates an increasing depth dependent trend. Similar to 
Excelsior, there appears to be a textural control on porosity in Potts’ Basin sinters. Upon 
establishing a general significant relationship between texture and porosity (p- 
value=0.000), multiple comparison procedures indicate the sinter breccias with palisade 
sub-texture have lower porosity than palisade sinters (p-value=0.000) and sinter breccias
All statistical techniques were performed on full data sets, not averages.
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(p-value=0.000). Again, similar relationships were observed in the two-factor 
ANOVA model. However, throughout the data analysis, a significant difference between 
breccia and palisade porosities was not detected at Potts’ Basin.
Permeability
Permeability provides additional information on the hydraulic properties o f porous media 
that is sometimes not evident in porosity values. This is because permeability is 
dependent on factors other than pore volume, including the size and shape of the pore 
openings, the degree o f interconnection between pores and the amount o f open space 
(Fetter, 1994). For example, secondary cementation associated with sedimentary 
diagenesis may significantly reduce the size of the throats that connect adjacent pores and 
greatly reduce permeability without affecting porosity (Fetter, 1994). Intrinsic 
permeability^^ (Q was estimated at both sites using the Kozeny-Carman model that 
relates porosity ( ^ ,  specific surface (ss), tortuosity (Le/L) and the Kozeny constant (Ko) 
o f  the pore system in the following equation (cf. Mowers and Budd, 1996):
Intrinsic permeability (A) is a property o f the porous media alone. Unlike hydraulic conductivity, k is not 
dependent on the properties o f the fluid flowing through the material. The following equation relates 
hydraulic conductivity ( K )  [m/s], intrinsic permeability (k) [m‘j, the density (/?) [g/m^] and dynamic 
viscosity (//) [g/ms] o f  water, and the acceleration o f gravity (g) [m/s']:
K  = k
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^ _________
KSLILŸ( \ - Û) - s s -
Substituting a proportionality constant, c, for Ko(Le/L)~, and redefining specific surface 
(as) in terms o f parameters measured in thin section, (pore area (PA) and pore perimeter 
(PP)), yields the following equation:
k  =
In this form the equation is readily used to estimate permeability using PIA techniques 
(Mowers and Budd, 1996). The proportionality constant, c has often been assumed to be 
equal to 5 for all lithologies (Ruzyla, 1986). However, for use in the PIA technique, 
Mowers and Budd (1996) suggest solving for a c value based on permeability data 
determined with alternative methods. For example, they used a c value that best 
correlated core plug permeabilities with PIA permeabilities. A similar approach was 
applied here, where sinter permeabilities determined using a falling head permeater (data 
from M. Gibson’s MS Thesis, 1998) were correlated with PIA results in order to estimate 
c. Because of the large amount o f variability in the pore area and perimeter data at both 
site, no one c value resulted in values that matched the permeameter data. Nevertheless, 
only relative comparison o f permeabilities between sites and amongst textures was 
desired. As a result, a single value, c-2.75, which resulted in reasonable permeability
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values that were within one order o f magnitude o f the permeameter data, was used in 
all permeability calculations.
Boxplot patterns o f the log normal permeability data (Figures 35 and 36) are similar to 
the porosity patterns for each site. The same outliers identified in the porosity data are 
recognized in the permeability data. Again, outliers were removed from the permeability 
data summary and not included in error calculation or statistical procedures. Multiple 
populations are more evident in the Potts’ Basin boxplots than in the Excelsior boxplots. 
Noting the natural log scale o f each plot, the IQRs show an extremely wide range of 
pemieabilities determined in each sample, especially in Excelsior samples.
Large error (%RSD) is observed for many o f the permeability values at both sites. The 
source o f error is the same as discussed for the porosity values, however, the magnitude 
o f the error is increased because the error associated with each measurement (porosity, 
pore perimeter and area) is compounded in the permeability model. Statistical procedures 
were again necessary to detect significant trends in the data; nevertheless, the trends are 
identified with caution.
Excelsior
Table 12 and Figure 35 provide average permeability values for the five sections from 
Excelsior. Similar to the porosity values, there is no trend in permeability with depth (p- 
value = 0.888), however, texture does have an effect on permeability in one factor (p-
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value = 0.004) and two- factor (p-value = 0.002) ANOVA models^. Post hoc multiple 
comparisons revealed palisade permeabilities are significantly lower than permeabilities 
in breccias with palisade fabric (p-vlaue-0.003). Further, there was a significant 
difference detected between breccias and breccias with palisade fabric (p-value=0.0046). 
The same differences were detected in the two-factor (texture, depth) ANOVA model.
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Table 12. Sinter permeability, k, determined by PIA
Sample Depth
[m]
Avg. k  
[millidarcies]
%RSD
27
Avg. Pore 
Perim. [pm]
Texture
EGC-8 0.415 16.01 ±10.46 65% 10978.43 palisade
EGC-7 0.69 105.36
±80.11
76% 12346.99 breccia
EGC-5a 1.125 32.03 ±31.13 97% 12324.58 breccia
EGC-5b 1.125 124.88
±115.18
92% 8012.46 breccia with palisade 
subtexture
EGC-11 2.1 39.44 ±32.66 83% 9616.71 palisade
PB-2 0.05 1.33 ±0.77 58% 10359.32 breccia with palisade 
subtexture
PB-4 0.23 2.27 ±2.65 117% 10995.00 breccia with palisade 
subtexture
PB-7 (X735 78.80 ±81.22 10394 10013.58 breccia
PB-8a 0.9 14.46±15.15 10594 8847.82 breccia
PB-11 1.02 16.92 ±8.52 50% 10952.02 palisade
Potts’ Basin
Site-wide permeabilities were lower at Potts’ Basin compared to Excelsior (p-value = 
0.002) (Table 12). Similar to the porosity values, permeability shows increased 
variability at Potts’ Basin and an increasing trend with depth (p-value=0.007). Multiple 
comparisons revealed breccias with palisade fabric have a lower permeability than 
breccias without palisade subtexture (p-value = 0.005).
27 %RSD based on measurements o f  10 FOVs per sample.
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H ydraulic Properties Discussion
Measurements on the hydraulic properties of the sinters further support the hypotheses 
that Potts’ Basin is the older, more consolidated sequence, and that consolidation in the 
different textures at each site is hydraulically controlled. Lower porosity, permeability, 
and water content at Potts’ Basin suggests it is the older, more consolidated and more 
diagenetically advanced sequence. The decreased Potts’ Basin porosity values relative to 
Excelsior correspond with the advanced pore filling sequences observed petrographically 
in Potts’ Basin thin sections. Although the error associated with some of the porosity and 
permeability data is large, statistical analyses confirm a significant dependence of 
hydraulic properties on texture at both sites. The differences in porosity and permeability 
data amongst different textures corroborate field and pétrographie observations on 
relative saturation and consolidation. In general, breccias, which are visibly more 
saturated in outcrop, have greater porosity and permeability than sinters with palisade 
fabrics. This data trend is best observed at Excelsior, however, the relationship seems to 
be present at both sites. Over time, a possible consequence o f differences in hydraulic 
properties is increased consolidation in the more porous and transmissive texture, in this 
case the breccias. Conversely, lower measured permeability values and consequent 
lowered levels o f flow and solute transport may contribute to the relative lack of 
consolidation and absence o f pore filling observed in the less transmissive palisade 
fabrics. It should be noted that this argument is made under the context o f initial and 
early preservation. Through time, the more a layer is consolidated, generally, the less
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transmissive it becomes. However, it is argued that it is the initial hydraulic 
properties o f a layer that dictate which layers are best preserved during early diagenesis.
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CHAPTER 4 - Summary and Conclusions
Bulk sinter and water samples collected from two outcrops in Yellowstone National Park 
were used to characterize early diagenesis in thermal spring deposits. These sites were 
the east-facing wall o f Excelsior Geyser Crater and a lake-cut outcrop south o f Potts’ 
Basin. Microfacies identified through hand sample and field observations at Excelsior 
included sinters with palisade fabric, sinter breccias or intraclast grainstones, and sinters 
with streamer fabric. Potts’ Basin microfacies included sinter breccias, sinters with 
palisade fabric, and grainstones. Sinters at Excelsior are characterized by delicately 
textured, well-bedded palisade sinters with localized brecciation and most likely were 
generated in a large thermal system. Conversely, Potts’ Basin sinters mainly consist of 
massive, consolidated breccias with abundant plant material and minor palisade fabrics 
generated in a smaller system. Clast dissolution characterized by the fading of clast 
matrix boundaries appears to be common at lower depths in Potts’ Basin breccias.
Similar cements are identified at both sites, all o f which consist o f amorphous silica with 
minor opal-cristobalite (CT). Angular to sub-angular grains of clastic quartz were found 
primarily at Potts’ Basin, however, no authigenic quartz cement was identified at either 
site. Cement types observed in hand sample include (1) a fine-grained silica that is 
common in palisade fabric and is thought to represent primary silica redistributed in a 
low flow environment, (2) a coarse-grained white silica that is limited to the breccia
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layers and represents primary silica redistributed in a relatively moderate to high flow 
environment, (3) and a yellow-brown, smooth resistant silica that is found on surfaces 
exposed in large voids which is deposited by low volume percolation. An additional 
cement observed in Potts’ Basin thin sections is a fine-grained black to brown material 
that forms rims around clasts. The dark appearance o f this material suggests the presence 
o f organic material.
Microbial filaments and filament molds represent the major biogenic evidence in each of 
the textures. Filament size ranges from 100-600 pm long in the Excelsior palisades to 
10-60 pm long in the matrix of Potts’ Basin breccias. In general, long sinuous filaments 
are limited to palisade fabrics and short, fragmented filaments are characteristic o f 
breccias. Palisade fabrics have the most visible evidence o f filaments o f all the 
microfacies; because o f fragmentation and infill, breccias have the least. Most filaments 
found at each site are coated, but the silica molds around Potts’ Basin filaments are 
generally thicker and more continuous. Capsule-shaped slug infills found in filament 
molds at both sites are also longer and more abundant at Potts’ Basin. Depth dependent 
trends in filament coatings and infills observed petrographically and in SEM images 
indicate that a coat and fill sequence is the dominant preservation mechanism in filaments 
at both sites. Increased pore filling, which is evident mostly at Potts’ Basin, is another 
trend observed with depth.
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The aqueous concentrations o f selected parameters help characterize the source of 
interflow fluids at each outcrop. A sharp decrease in Na and Cl concentrations in the 
shallower Excelsior samples indicates the presence of two water types at Excelsior; a 
shallow Cl and Na poor fluid with a strong meteoric component and deeper waters that 
are closer to a Cl and Na-rich thermal water end member. Only one water type, a Cl-rich 
thermal water with minor meteoric dilution is present as interflow in the Potts’ Basin 
sequence. The lack o f significant meteoric influence at Potts’ may be attributable to 
precipitation uptake by the vegetative cover that overlies the outcrop. The absence of 
vegetation and soil at Excelsior allows meteoric water to directly infiltrate the sinters and 
dilute the interflow. Consequently, the meteoric influence at Excelsior lowers interflow 
pH from 8.9 at 0.47 m depths to 7.7 at 0.35 meters, most likely increasing the solubility 
o f Al, which is an abundant element detected in Excelsior and Potts’ Basin sinters. The 
pH dependence on Al solubility is illustrated in Figure 26. A suspected increase in 
aqueous Al concentrations is observed with depth at Excelsior, however, the error 
associated with the data precludes a definitive interpretation. Al solubility also appears to 
be controlled by pH at Potts’ Basin, however, the trend in Al concentrations with depth is 
opposite the Excelsior trend. At Potts’ Basin, aqueous Al concentrations decrease with 
depth as pH values slightly decline from spring to outcrop. This small decline in pH 
could be attributable to increased organic degradation resulting from soil formation. 
Again, consistently high Cl and Na values in interflow throughout the section, indicate 
meteoric dilution at Potts’ Basin is not as significant as it is in Excelsior fluids.
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Trends in bulk sinter chemistry results indicate Al is incorporated into sinters by 
coprecipitation with silica. Further, EDS analyses show an interesting pattern o f Al 
concentration around microbial filaments. Although some o f the Al may represent 
contamination from the slide preparation process, this localized concentration could 
reflect alum inum ’s affinity to form strong organic complexes with microbial material as 
presented in Surdam and Crossey’s (1985) early diagenetic sequence for the Ericson 
sandstone. Over time, the Al-complexing organic compounds degrade. As the organic 
compounds are removed, Al is immobilized in and around remnant microbial structures, 
possibly serving as a biomarker.
Field observations show breccias to be the least consolidated and most recessive layers at 
Excelsior. At Potts’ Basin, the opposite is observed. It is proposed that this is a function 
o f the relative level o f diagenetic progression and hydraulic properties of each texture. 
Advanced pore filling evidenced by lower porosity values, lower water content, textural 
degradation and evidence o f multiple soil horizons at Potts’ Basin indicates it is older and 
more diagenetically advanced than Excelsior. Given the similarities in microfacies, 
textures and cements between the two sites, it is possible the Excelsior sequence 
represents an early stage, and Potts’ Basin sequence represents a late stage in the same 
diagenetic sequence. Provided the deposits represent different snapshots o f the same 
alteration sequence in time, the progression o f the breccia layer going from the recessive
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unit at Excelsior to the protruding unit at Potts’ Basin (and vice versa for the palisade 
layers) could reflect differences in the hydraulic properties o f each texture. Palisade 
fabrics at Excelsior possess an initial structural coherence that is greater than the breccias, 
hence the palisade layers begin as the more resistant unit. However, PIA measurements 
indicate that breccia layers are more porous and permeable at both sites. Therefore, flow 
would most likely be focused through the breccias. The increased flow through the 
breccias will move more matrix or cements into the texture, such that over time, the 
breccias will become more consolidated and surpass the palisade fabrics as the more 
resistant layer, as observed at Potts’ Basin. Further the increased flow may also 
contribute to the clast dissolution observed in lower parts of the Potts’ Basin sequence. 
This may explain the conspicuous absence of brecciated textures in ancient deposits 
(W alter et al., 1996), in spite of their abundance in modem sequences. Specifically, the 
transmissive nature o f the breccias may promote advanced textural degradation over time, 
such that eventually breccia clasts cannot be distinguished from the matrix. The 
degradation also appears to effect biogenic evidence. Filaments in breccias are less 
distinct and fragmented, which are characteristic o f the filament ghosts observed in 
ancient sequences (W alter et al., 1996). Rarely are the long sinuous filaments 
characteristic o f delicate palisade fabrics found intact in the rock record. Again this 
supports the idea that many o f the sinter layers preserved in the rock record represent 
breccia layers that were once unconsolidated, highly transmissive, but contain small 
amounts o f  distinct biogenic evidence. Thus, the pathway o f biogenic evidence in early
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diagenesis appears to be pre-determined by the initial hydraulic properties o f the 
microfacies and texture it is contained in.
TOC concentrations appear to be higher in sinters with palisade and streamer fabrics and 
lower in sinter breccias. One explanation for this pattern, which is most notable in the 
Potts’ Basin sequence, involves the physical removal o f carbon from the brecciated 
textures. Filaments in brecciated layers are often broken open and randomly oriented, 
making their interior organic residues more susceptible to leaching. Further, it has been 
demonstrated breccias are initially more transmissive than palisade layers, thus 
promoting increased solute transport. As a result, carbon is readily transported out of the 
brecciated texture, driving TOC values down. Conversely, the relative lack of 
fragmentation and vertical orientation o f the filament molds in the palisade textures, and 
the palisade textures’ low permeability, might better contain interior organic material and 
thereby limit transport o f organic material away from these layers. Also, the geometry 
and/or surface properties o f the intact structures may serve as preferred sorption sites for 
organic compounds, thus leading to increased TOC in palisade or streamer fabrics.
A second scenario to explain lowered TOC values in the Potts’ Basin breccias involves 
microbial degradation o f organic carbon associated with soil formation. Adequate 
nutrient supply, which can be dependent on a sequence’s hydraulic properties or amount 
o f flow through a sequence, is essential for soil microbes to thrive. It is possible the
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initial transmissive nature of the brecciated layers facilitated nutrient transport and 
attracted a larger population o f soil microbes. The increased number o f microbes then 
leads to enhanced organic carbon degradation in the breccias, thus providing a 
mechanism to lower TOC values. TOC was not measured in the suspectedly younger 
Excelsior breccias, therefore, additional work is required to confirm this scenario.
In conclusion, observations made during this investigation lead to the following proposed 
general diagenetic sequence that is thought to be applicable to both study sites. The 
sequence begins with initial silicification o f microbial material and the precipitation of 
abiogenic sinter crusts. Brecciation o f these textures and crusts, which appears to be 
more common in the Potts’ sequence, most likely occurs prior to, or shortly after burial. 
Possible brecciation mechanisms at both sites include freeze-thaw cycles, trampling by 
large mammals (Hinman and Lindstrom, 1996) or relatively small-scale hydrothermal 
eruptions. Microbial filaments that survive brecciation continue to be coated and then 
infilled by solutes precipitating out of interflow fluids. Infills consist o f capsule-shaped 
slugs and are most common at lower depths indicating infilling is a later step in the 
sequence. Al, which could serve as a potential biomarker, appears to concentrate around 
the microbial remains during infilling, specifically in the walls and interiors of the 
filaments. A layer or texture’s initial hydraulic properties appear to play an important 
role in the model by controlling solute transport, constituent concentrations and 
distribution. This is exemplified in sinter breccia TOC concentrations, which appear to
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decrease with depth by a greater amount relative to TOC in palisade sinters. Other 
mid to late stage events, such as pore filling and consolidation also appear to be texturally 
controlled. Cements appear to nucleate around clasts in breccias, slowly aggrading to fill 
pore space. Cementation in palisade and streamer fabrics appears to be initially focused 
around substrate crusts and microbial structures, particularly where the filaments and 
crusts, or two filaments come into contact. Complete pore filling was not observed at 
either site. However, relative to the Excelsior sequence, the Potts’ Basin deposit shows 
increased consolidation and advanced textural degradation in the more transmissive 
brecciated layers, which reflects a hydraulic control on the level of cementation. The 
focused fluid flow through the breccia units also results in advanced clast-matrix 
boundary dissolution and textural degradation, thus, possibly explaining the absence of 
brecciated textures in the rock record. A characteristic final product of this early 
diagenetic model is a sinter sequence containing consolidated, massive (due to textural 
degradation and clast dissolution) breccia layers low in TOC with fragmented, 
completely coated, infilled microbial filaments high in Al; and recessive, semi­
consolidated palisade layers with intact, coated, partially-infilled filaments.
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Appendix A -  Hand Sample Descriptions
Excelsior Geyser Crater (0 top -  2.1 m bottom)
EGC-1
Location: I.85m-1.86m
Well-bedded, white to light brown palisade sinter. Moderately thick (0 .7-1cm) palisade 
beds with vertical to sub-vertical, elongate fine fenestrae (palisade fabric). One major 
(0.1 cm thick) and one minor (mm thick) resistant crust o f white sinter separate the 
palisade layers. Beneath the thicker crust is a resistant, variably distributed, brown 
cement that coats the bottom surface o f the crust and extends into the upper fibers o f the 
underlying palisade layer. The remaining palisade layers are divided by a less defined 
and less resistant boundary o f coarse, roughly textured silica. White secondary silica 
accumulation creates a globular texture that reduces void space in most o f the palisade 
layers. The exception is a light brownish band (1 cm thick) that still retains a very fine, 
more delicate, fibrous texture. Massive silica accumulation occurs on the aerially 
exposed surface o f the sample, presumably from flow over the face o f the outcrop. In 
general, the sample is light, porous, but moderately consolidated.
EGC-2
Location: 1.8m -1.85m, hand sample is jumbled, consists o f chips and blocks. 
Well-bedded, buff-brown-grey sinter breccia. Thin subhorizontal beds (0.2cm-0.5cm) o f 
sinter breccia with lenticular partings (mm). Graded imbrication from bottom (less) to 
top (more) exists amongst the platy, sub-angular, white sinter clasts. The breccia is clast- 
supported and consolidated with a void-filled sugary textured moderately coarse-grained 
cement/matrix. Other cements include (in order o f abundance): 1) resistant, white to 
grey, web-textured evaporative scale that occurs on the aerially exposed surface. 2) 
brown, resistant, semi-translucent cement that massively coats both clasts and matrix. 3) 
dark brown to grey-black, very resistant cement that coats the bottom o f the clasts. The 
evaporative scale often outlines the opening o f voids in the matrix and voids between 
clasts, providing additional structural stability. In the absence o f the brown cements or 
the evaporative scale, the sample is friable, and easily separated into pieces by hand. The 
sample is well consolidated.
EGC-3
Location: 1.3m-1.35m
Bedded, white and brown palisade sinter. Sub-horizontal beds, moderately thick (0.7- 
1cm) palisade beds with vertical to sub-vertical, elongate, very fine fenestrae. Palisade 
layers are separated with a white, chalky, diffuse layer. Globular white sinter has 
accumulated at the base o f the palisade filaments to create stalks with bulbous ends. The
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sample is poorly cemented except for the bottom layer where the base o f the filaments 
are attached to an irregular, resistant white-brown sinter crust with brown, opaline 
cements. These brown filaments appear to have retained a very fine, comparatively more 
delicate, fibrous texture. The top o f the sample has a porous, bone-like texture. In the 
middle o f the sample is a 0.3-cm hemispherical (flat side down) vug with a white smooth- 
textured sinter lining the interior. The sample is light and moderately consolidated.
ECG-4
Location: 1.2m
White and brown sinter with streamer fabric. Occurs as a flat, thin (0.5 cm) layer of 
sinter with horizontal pseudocylindrical irregularly stacked, platy structures (streamer 
fabric). On top o f the sample, the paper-thin white walls o f these structures are coated 
and filled with a brown, transparent, resistant cement. The bottom of the sample reveals 
the white porcellainous rippled base o f the structures. Some o f the streamer walls are 
thin enough to see the dark colored cements on the interior. Without the brown cements, 
the walls readily break into flakes and chips o f sinter. This texture is not common in the 
outcrop. In areas o f heavy cementation, this sample is moderately consolidated.
EGC-5
Location: l.Im -1 .15m
B u ff to dark brown sinter breccia. Subangular platy sinter clasts are set in a buff-brown, 
crumbly, medium-grained, well-sorted sugary matrix. A dark brown resistant secondary 
cement fully coats the underside o f the more consolidated pieces o f breccia 
(matrix+clasts). The well-sorted matrix appears to be conduct and store water very well, 
as it is saturated in outcrop, and hand-samples retained visible moisture weeks after 
collection. Overall, the sample is unconsolidated.
EGC-5a
Location: l.Im -1.15m , 2 m away from EGC-5
White to grey sinter breccia with single discontinuous palisade layer. Matrix-supported 
breccia with platy, angular to sub-rounded clasts (0.5 cm) that are partially imbricated. 
Cement consists o f grey, fine-grained silica that coats the clasts and infills the voids. 
Palisade layer is cemented with buff, fine-grained material that obscures most of the 
underlying texture. The vertically elongate fenestrae that create the palisade fabric are 
visible only in a few small (0.2cm-0.5cm) areas. The breccia (less resistant) and palisade 
(more resistant) layers are separated by a thin (mm), undulatory white to grey silica crust. 
Small mm-thick partings are formed between the crust and the breccia. A massive 
evaporative? scale forms where the sinter is aerially exposed and obscures most of the 
breccia and palisade texture. This white and grey resistant scale (0.2 cm thick) has a 
delicate spider vein texture. The sample is very well cemented.
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EGC-6
Location: 0.9m -Im
Well-bedded, white sinter with palisade fabric. Distinct horizontal beds, moderately 
thick (0 .7-1cm) palisade beds with vertical to sub-vertical, elongate fine fenestrae. A 
brown thin, resistant, well-defined crust or a white, chalky, more diffuse layer separates 
palisade layers. White secondary silica creates a globular and/or granular texture that 
reduces void space by thickly encrusting the palisade filaments. As a result, this 
secondary accumulation significantly obscures most o f the palisade texture. One light 
brown palisade layer (0.8cm thick) underlain by a brown substrate, still retains a very 
fine, more delicate, fibrous texture. In general, the sample is light and poorly 
consolidated.
EGC-7
Location: 0.69m, hand sample was taped together
Bedded, white to beige sinter breccia. Thinly bedded (mm-0.5cm) sinter breccia with 
large (3-7cm) imbricated clasts. Clasts consist o f angular chips o f sinter with a top and/or 
bottom resistant crust. Between the crusts is palisade sinter with very fine, vertically 
oriented, elongate fenestrae. In order o f abundance, three main cements (or secondary 
silica) are identified: 1) Very fine-grained, white silica (restricted to the palisade layer) 
that infills the top and base o f some of the fenestrae to create the resistant crusts. This 
infill material, possibly a result o f wicking, usually masks the palisade texture. 2) Brown 
to dark brown translucent cement, mostly in the breccia layer, that coats the resistant 
crust on top and bottom o f the clasts. 3) White to grey resistant porcellainous cement that 
generally occurs on top o f the brown cements to create a mottled appearance. All 
cements are limited to the surface or within the clasts (there are no interclast cements). 
The sample is poorly consolidated.
EGC-8
Location: 0.4m-0.43m
Bedded, white-grey, brown palisade sinter. Sub-horizontal (undulatory), thin (0 .1-0.5cm) 
beds o f white sinter with palisade fabric are separated by very thin (mm), white, resistant 
granular (towards bottom) and opaline (towards top) crusts. The palisade fabric consists 
o f  vertical to sub-vertical, elongate, very fine fenestrae. The sample consists of two 
overlapping, staggered conical Type I (radial center is at bottom) terracettes (5cm-6cm) 
that are capped by multiple layers o f very thin (mm), opaline sinter interbedded with thin 
(0.1cm-0.4cm), wedge shaped, ramping layers o f palisade sinter that pinch out towards 
the crest. A mottling o f fine-grained, sugary cement is concentrated at the base and 
middle o f the terracettes, masking the palisade texture. There are variable patches o f 
palisade sinter with thickly coated fibrous stalks that contrasts the other brown, more 
fine, diffuse layers. The sample is moderately consolidated.
EGC-9
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Location: 0.33m-0.35m
Bedded, white-grey palisade sinter. Horizontal to sub-horizontal (undulatory) thin (0.1- 
0.5cm) beds o f white sinter with palisade fabric are separated by very thin (mm), white 
resistant crusts. The palisade fabric consists o f vertical to sub-vertical, elongate very-fine 
fenestrae. A minor bushy, anastomosing subtexture is also evident. The white substrates 
have a granular texture, except at the base o f the interval where the crusts are more 
opaline. There is a ridged surface expression of a sub-conical, Type 1 terracette (2cm) 
towards the top o f the hand-sample. The terracette is capped by a very thin layer o f white 
sinter crust beneath a pinched-out layer o f palisade sinter. A mottling o f fine-grained, 
sugary cement is concentrated at the base and middle o f the terracette, masking most o f 
the palisade texture. There is a thin layer o f white palisade sinter with thickly-coated 
fibrous stalks that contrasts the other light brown, finer, diffuse layers. The thicker silica 
globular encrustation appears to bundle several filaments into a singular stalk. The 
sample is not dense, and is moderately consolidated.
EGC-10
Location: 0.1m-0.15m
White to b u ff banded palisade sinter. Distinct horizontal banding created by alternating 
layers o f variably thick (0,2-1.3cm), buff sinter with palisade fabric, and thin (mm) white 
substrates or opaline crusts. The crusts are thicker, and more pronounced towards the top 
o f the hand sample. The palisade fabric is created by very fine, vertical to sub-vertical, 
elongate fenestrae. Small (cm), irregular vugs that disrupt the fenestral pattern are 
scattered throughout the palisade layers. A conical Type I terracette with is identified.
At the crest o f this structure, two thin resistant crusts converge to pinch out the overlying 
palisade layer. Brecciation limited to the top o f the sequence, is characterized by 
randomly oriented clasts supported in a sugary-textured brown grey cement matrix. This 
moderately resistant sugary cement is also variably distributed in the palisade layers. 
Massive evaporative? cementation masks most of the palisade texture that is aerially 
exposed in the outcrop face. This white and grey surficial scale has a delicate spider vein 
texture. The sample is well-consolidated.
EGC-11
Location: 2.1m, base o f outcrop
Friable, well-bedded, white palisade sinter. Horizontal thick (1 cm) beds o f white sinter 
with palisade fabric made up of very fine, delicate, vertically elongated fenestrae. Less 
distinct, semi-resistant very thin (mm) brown-grey silica substrate occurs between the 
palisade layers. M ost o f  the wispy, meringue-textured silica that coats and tops the 
palisade textures appears to be primary (e.g. precipitated during the initial silicification of 
the microbes), however, minor amounts of globular brown-grey secondary cements infill 
portions o f  the palisade texture. When the rock surface is rubbed, the very fine fibers that 
create the palisade texture are easily dislodged. Samples from this interval are poorly 
consolidated and friable.
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EGC-12
Location: 2.2m, sample collected from below described section
Well-bedded, white palisade sinter. Horizontal to sub-horizontal (undulatory), thin (0.1- 
0.5cm) beds o f white sinter with palisade fabric are separated by very thin (mm), white to 
beige, resistant crusts. Beige coloring appears to be confined to the base o f the crust 
layer. Secondary cements include light-grey, sugary textured silica that occurs at the 
based o f the vertically elongated palisade structures, and a yellow-brown -black opaline 
material that variably coats the underside o f the resistant crusts. M inor brecciation is 
evident at the base o f the sample. This sequence is moderately consolidated.
Potts’ Basin (Om bottom -  2m top)
PB-1
Location: approx. 1.25m, sampled from detached block
Porous, beige to b u ff grainstone. Variably sized partings (0.1cm-0.5cm) are formed by 
horizontal imbrication o f clasts and silicified plant material. Suspected plant material 
consists o f elongate, fibrous reed or grass like structures coated in granular, sometimes 
smooth silica. Other clasts include mm thick, white, angular chips o f sinter, which also 
could be o f plant origin. O f note is a segmented, conical silicified structure resembling 
the remains o f an insect’s abdomen and thorax. The structure is coated on the outside 
with a smooth, thin veneer of opalescent pinkish white silica, and coated on the inside 
with a thicker layer o f globular, translucent yellow-brown cement. Some o f the insects’? 
exoskeleton appears to be intact and unsilicified suggesting complete replacement has not 
occurred. The sample is grain supported and weakly consolidated by two types o f 
cements: 1) buff to tan granular, encrusting silica and 2) dark yellow-brown translucent 
silica with that is variably distributed in scalloped-edged patches, globules and as a 
surface coating between partings. The yellow-brown cements coat the encrusting 
cements, indicating the yellow-brown cements are secondary, or younger. The sample is 
friable and poorly consolidated.
PB-2
Location: O.Om-O.lm; top o f outcrop, near soil horizon
Massive, white-grey to tan sinter breccia. Discontinuous beds o f horizontal to sub­
horizontal, cm thick sinter plates interspersed with black, root-like material grades 
(horizontally) into a more massive, highly brecciated texture. In general, the breccia is 
matrix supported. Plates are, angular, flat to slightly wavy (stromatolitic) and banded 
with a mm thick, resistant enamel-like exterior coating and a fibrous interior texture. 
Other clasts include elongate, cylindrical, hollow root casts (mm to cm), silicified twigs 
and grasses, and cm blocks o f sinter (intraclasts?). The breccia matrix (cement) is white 
to grey, granular, porous, yet fairly resistant except in areas o f root penetration/alteration
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where it is friable and sometimes chalky. The sample also shows alteration from 
surface flow (runoff) over the outcrop face and aerial exposure. The sample is well 
cemented.
PB-3
Location: 0.1m-0.2m; sample is jumbled, top/bottom orientation cannot be determined. 
White to grey sinter stratiform breccia. Distinct bedding is not evident, however, sample 
consists o f several flat stratiform pieces. The breccia is matrix supported with white, 
angular, platy clasts o f variable size (0.5 cm to 4.5 cm). Three types o f matrix 
consolidate the samples: 1) white to grey granular, encrusting silica 2) brown, coarse­
grained silica associated with smaller clast sizes (< lcm ) 3) dark brown, very resistant 
silica cement with flbrous/net like texture variably distributed as a secondary coating or 
patch on smoother (flat) areas o f breccia. Sample includes some 5-8cm pieces o f platy 
sinter (evaporation crust?) with porous pseudo-palisade texture. One piece o f sample has 
partially encrusted grass seed husks? The sample is moderately consolidated.
PB-4
Location: 0.2m-0.26m
G rey-buff sinter breccia. No distinct bedding planes, however a small sequence o f 
laminae is found at the bottom o f the sample. A dominant curvilinear parting accentuated 
by a slight change in color (grey to white) suggests a fill or channel structure. The 
breccia is mostly grain-supported, with poorly sorted, randomly oriented clasts with 
fenestral porosity (hash texture). Clasts (mm-2 cm) consist o f white silicified plant 
material (grasses, reeds), pieces o f white-grey palisade sinter, angular platy white sinter 
chips and grey stromatolitic sinter. The top o f the sample has an array o f thin (mm), 
white traces, possibly very fine root material or microbial macrofilaments. Cements 
include fine-grained, white-grey encrusting silica, and dark brown, resistant silica with 
fibrous net texture primarily found on the bottom o f the sample. The dark brown silica 
also occurs as a thin enamel-like coating on the underside o f the laminae. The sample is 
well consolidated.
PB-5
Location: 0.24m-0.28m
White, p la ty sinter breccia. Clast-supported, and well bedded, with small, lenticular 
partings. The beds o f sinter appear to have been cracked and cemented in place, with 
little reworking. M ost o f the cracks, mm in width, are not filled in. Clasts are angular, 
0.2-0.5 cm thick, with a smooth texture. Interlayers o f plant, grass and root material 
suggest a possible former soil horizon. The plant material creates a stringy, net like 
fabric. Apparently completely covered in, or replaced by, silica, the plant material is 
fixed to the clasts by smooth encrusting material and by vuggy/airy cements. Some o f 
the plant material spans the cracks intact, however, the majority of it appears to be 
crosscut. An elongate, cylindrical (0.8 cm diameter) hollow root structure is paralleled
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by a crack in the overlying sinter bed and a ridge in the underlying bed, suggesting 
plant/tree growth as one mechanism o f brecciation. There are three types o f cements, in 
order o f abundance,: 1) fine, white, smooth textured encrusting silica 2) vuggy, cream 
to white silica agglomerate 3) dark brown, grey resistant silica. All o f the cements are 
variably distributed, except the dark grey cements, which appear only on the bottoms of 
the clasts. Unsilicified root hairs and seed husks are partially encrusted in one o f the 
smaller pieces o f the sample. The sample is poorly consolidated.
PB-6
Location: 0.28m-0.35m
White to grey sinter breccia with palisade and streamer fabric. The hand samples are 
low density with porous, delicate, fine structures. Horizontal to undulating beds (1.5 cm) 
are capped with thin (mm)opalescent crusts. Changes in palisade texture (e.g. from 
coarse to fine and massive/resistant to friable) mark minor beds (0.5 cm). Some 
brecciation and collapse structures are evident. Palisade texture consists o f  fine, fibrous 
silica with minor elongate micro-fenestrae. Opalescent crusts appear to have served as 
the substrate upon which palisade forming microbes existed. Variably distributed on top 
o f these crusts is a delicate silica material with a fine, sponge-like texture/porous bone­
like texture. Streamer fabric consists o f very fine, elongate, cylindrical structures that are 
silicified atop a more resistant sinter crust. The sinter contains mostly primary encrusting 
silica, however, small areas of secondary cementation are apparent. These areas show an 
infilling o f texture to create a more massive/coarse appearance. The secondary? 
cementation does not seem to be any more resistant than the primary silica. Two well- 
defined, hemispherical voids indicate the presence of plant material. The sample is semi­
consolidated.
PB-7
Location: 0.72m-0.75m
Yellow-white sinter breccia. Irregularly bedded with discontinuous thin wavy partings. 
Clast-supported. Clasts, cm in width and length, mm in thickness, are curved and platy. 
Towards the top o f the sample is a more resistant, semi-continuous undulating white 
silica crust. Much o f the sam ples’ form and texture is masked by a granular/agglomerate 
coating o f variably colored (white, grey, brown, yellow) primary silica cement. On top of 
the sample, this cement is coarse, pebbly with very small, evenly distributed pore spaces. 
Some silicified plant material is incorporated. The primary cement on the bottom of the 
sample is finer, less porous and has a smoother texture. Small strings o f silica are 
present. A dark brown secondary cement, is found only on the bottom of the sample as a 
surface coating. Some secondary infilling o f fractures and concave voids is evident, 
unusually restricted to the underside o f the brecciated clasts. The second hand sample 
piece has the same style o f primary cementation, no secondary brown cements and 
considerably more plant material. The sample is moderately to well-consolidated.
160
PB-8
Location: 0,88m-0.92m
Massive, grey sinter breccia with silicified plant material. The breccia which is mostly 
matrix supported, has no distinct bedding planes.. Matrix (primary cement) consists of 
coarse, granular grey to brown silica that occurs as a coating and infilling, agglomerate. 
Clasts are randomly oriented, and variably sized (mm-cm), consisting chiefly o f silicified 
plant material. Some clasts o f smooth textured, angular, wavy, stromatolitic, white sinter 
chips are found towards the bottom o f the hand sample. Fenestral porosity is created by 
the many well-defined, hollow, silicified cylinders (grasses, reeds) and the variable 
distribution o f the matrix. Yellow-brown secondary resistant cements are concentrated 
along the interior walls o f large cylindrical hollows created from root penetration. In a 
smaller piece o f the sample, a section o f root, completely replaced with silica, remains 
intact. Here, the yellow-brown cements, coat the top o f the root surface, but not the 
bottom. Below the root, the brown cements are found on the interior wall o f the root 
hollow (possibly the silicified remains o f the outer root sheath, bark). In general, the 
brown secondary cements appear to be associated with large void spaces (root 
shafts/cavities) found at depth. The sample has an overall hash texture. It appears to be a 
former soil/grass horizon that has been locked in place by silica precipitation. The 
sample is very well consolidated.
PB-9
Location: 0.93m-1.0m
Massive, grey-white sinter breccia with palisade clasts and silicified plant material. 
Matrix supported sinter breccia. Little to no bedding except for a small section of 
stromatolitic bed forms at the top o f the sample. W hether or not these beds are in place is 
difficult to determine. Clasts consist o f platy stromatolitic sinter, silicified root casts and 
blocks (1-2 cm) o f sinter with palisade fabric. Matrix consists o f porous primary 
granular sinter cements with small amounts o f grass material. A continuous layer o f 
secondary brown cements is present on top o f the sample. The brown cements coat the 
primary matrix and clasts but don’t appear to have infilled the available porespace. As in 
other samples, the brown cements appear to be more resistant than either the matrix or the 
clasts. To note, around a larger block of palisade sinter, the matrix is discolored to form a 
very thin (mm) brown outline. A collapse structure is evident on one side o f the sample. 
The secondary cements coat across the main fracture o f the collapse indicating they are 
younger than the collapse event. The sample is moderately consolidated.
P B -10
Location: 0,9m
Large, white silicified root. Sample consists mainly o f a vertically oriented, large 
silicified root. Although the root appears to be completely replaced with white very fine­
grained silica, the fibrous texture o f the wood material is well preserved. The porous 
sinter breccia with granular, white matrix clumped around the root is well cemented with
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a thin veneer o f a more resistant brown, transparent cement. The brown cements 
appear to provide the sam ple’s structural stability. The sample is well-consolidated.
PB-11
Location: 1.02m
Bedded, beige, heavily altered palisade sinter. Fairly uniform, laterally continuous 
bedding (0.5cm thick) consists o f alternating layers o f altered palisade sinter and thin 
(mm), resistant opaline crusts. Small (mm) lenticular gaps and partings between layers 
are common towards the top o f the sample. The palisade fabric, almost indiscernible in 
places, is heavily cemented, and infilled by medium grained tan sinter with a rough, 
granular texture. The sample is also partially brecciated. Brown resistant, translucent 
cements uniformly coat the top o f the sample and the void spaces associated with root 
penetration. A large root (silicified) penetrates the left side o f the sample where the sinter 
is heavily brecciated. Both the silicified root material and the sinter surrounding the base 
o f the penetration are soft and chalky. The base of the sample has a thin (cm) layer of 
well-cemented sinter breccia with stromatolitic clasts. The sample is massive, well- 
cemented and fairly resistant.
PB-12
Location: 1.15m, large void created by tree root
Volcanoclastic conglomerate with silica scale. M oderately-sorted silicified? matrix 
supported conglomerate. Centimeter-scale clasts consist o f white, angular sinter chips, 
sub-rounded black obsidian pebbles and blocks of pink rhyolite. Matrix is fine-grained 
siliceous sinter. The aerially exposed side o f the sample has an uniform, thin (mm), 
orange-pink-brown, highly resistant siliceous scale that forms unusual micro-terracettes 
and 0.5 cm-high mushroom structures. Because some of the clasts are attached at 2-3 
points by the veneer o f scale, they are easily “snapped” off. The sample, however, is 
mostly very well consolidated.
PB -13
Location: 1.65m, base o f cut
Maroon, p ink volcanoclastic mudflow or debris flo w  deposit. Coarse, moderately sorted 
clasts consist o f sub-rounded grains of obsidian, plagioclase, and quartz. Silica matrix is 
gradationally colored (from top to bottom: maroon, pink, light pink, grey) possibly 
indicating variable amounts o f baking from a heat source at depth or varying amounts of 
cinnabar.
Appendix B -  Fluid Chemistry - Full Data Set
Aqueous Chemical Analyses, YNP 1998
Excelsior Geyser Crater (egc), Pott’s Basin (pb) and Octopus Spring (os)
pH Temp. Aik Si as Si02 (fĵ d)
Analysis/M ethod field msrmnt field msrmnt Hach kit Red.silico-molyb.
Detection Limit 1
Depth (m) Units "C mg CaCOj/100 mL (meq/L) log msi0 2 (aq)
980616 eg c -lw 0.4 7.61 --- -2.836559588
980616 eg c -lw  field dup 0.4 7.61 --- -2.836559588
980616 egc-2w 0.35 7.70 --- -2.837470537
980616 egc-3w 0.47 8.90 --- --- -2.783112874
980617 os-1 w 9.06 30.3 --- ---
980617 os-2w 9.04 29.6 --- ---
980617 os-3w 8.35 6 6 . 6 ---
980617 os-4w 8 . 6 6 49.8 --- ---
980617 os-5w 8.81 45.7 --- ---
980617 os-6 w 9.11 2 1 . 8 ---
980617 os-7w 9.25 20.4 ---
980720 pb-lw 0.48 8.56 2 0 . 1 57.15 -2.681878504
980720 pb-2w 0 8.65 30.3 51.3 -2.325675008
980720 pb-2w field dup 0 8.65 30.1 55.6 -2.32958913
980720 pb-2w lab dup 0 — --- --- -2.343808676
980720 pb-3w 1 . 2 8.48 17.7 56.25 -2.700347971
980919 pb-lw 0.48 8.59 13.4 45.4 -2.686649602
980919 pb-2w 0 8 . 8 28.5 47 -2.229041794
980919 pb-2w field dup 0 --- --- --- ---
980919 pb-3w 1 . 2 8 . 2 2 1 2 --- -2.618104756
980919 pb-4w 0 8.89 63.6 46.5 -2.2899691 15
mined nr = not reported, lowest value reported provided in parentheses
below detection, value set to 1 / 2  detection limit.
Osto
Si as SiO] (neid) F Cl N SO 4 HCOj Br Be
Red.silico-molyb. IC IC IC IC --- IC ICP200
1 1 15 0.125 5 --- 0.25 0.05
ppm ppm ppm ppm ppm ppm ppm ppm
980616 egc-lw 101.99 17.61 208.11 — — - 10.87 — — — 0.48 -0.05
980616 eg c-lw  field dup 101.99 18.02 214.43 --- 10.79 --- 0.64 -0.05
980616 egc-2w 101.77 19.04 221.98 --- 11.09 --- 0.64 -0.05
980616 egc-3w 115.34 22.05 266.05 --- 13.49 --- 0.82 -0.05
980617 os-1 w --- --- --- --- --- --- - -
980617 os-2w --- --- --- --- --- --- --- ---
980617 os-3w --- --- --- --- --- --- ---
980617 os-4w --- --- --- --- --- --- --- ---
980617 os-5w --- --- -** --- --- ---
980617 os-6 w --- --- --- --- --- --- --- ---
980617 os-7w --- --- --- --- --- ---
980720 pb-lw 145.62 27.6255 301.291 0.071169 45.0645 --- --- -0.05
980720 pb-2w 330.69 25.915 290.548 0.0625 42.7491 - - -0.05
980720 pb-2w field dup 327.72 27.4251 305.064 0.423646 44.049 --- --- — —
980720 pb-2w lab dup 317.17 25.3426 291.978 0.0625 42.676 --- -0.05
980720 pb-3w 139,56 25.7169 291.237 0.0625 42.7424 --- --- -0.05
980919 pb-lw 144.03 25.33 286.01 0.06 43.33 --- --- -0.05
980919 pb-2w 413.10 24.90 281.09 --- 42.36 --- --- -0.05
980919 pb-2w field dup --- 24.85 281.51 --- 42.44 --- --- ---
980919 pb 3w 168.65 --- --- - - --- --- --- -0.05
980919 pb-4w 
•mined nr = not reported, 
detection, value set to 1 / 2  (
359.03 23.40 270.58 39.77 -0.05
0\w
Na Mg Al P K Ca Sc Ti V Cr
1CP200 ICP200 1CP200 ICP200 1CP200 1CP200 1CP200 1CP200 1CP200 ICP200
0.5 0.5 0.5 0.5 1 0.5 0 . 0 1 0 . 1 0 . 1 0 . 1
ppm ppm ppm ppm ppm ppm ppm ppm — ppm
980616 egc-lw 3054.2 -0.5 1.61 -0.5 127.9 7.62 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980616 egc-lw  field dup 2817 -0.5 1 . 1 2 -0.5 116.5 7.09 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980616 egc-2w 3082.5 -0.5 0.85 -0.5 133.8 8.57 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980616 egc-3w 3426.4 -0.5 141 -0.5 141.6 9.06 -0 . 0 1 -0 . 1 -0 . 1 - o . l
980617 os-1 w ----- ----- ----- ----- —  - . — . . . -----
980617 os-2w ----- ----- ----- ----- ----- ----- ----- ----- . — -----
980617 os-3w ----- ----- ----- ----- ----- -  — —
980617 os-4w ----- ----- ----- ----- ----- ----- ----- ----- -----
980617 os-5w ----- ----- ----- - - - ----- -  -  - —  . ----- -  -  —
980617 os-6 w ----- ----- ----- ----- ----- ----- ----- ----- --- —
980617 os-7w ----- ----- ----- ----- ----- ----- ----- -  -  -
980720 pb-lw 3946.7 1.43 -0.5 0.71 245.9 12.5 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980720 pb-2w 3849.6 -0.5 2.3 0.62 214.3 10.4 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980720 pb-2w field dup ----- ----- ----- ----- ----- ----- . . . . — ----- -----
980720 pb-2w lab dup 3830.8 -0.5 2.33 0.58 212.9 10.3 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980720 pb-3w 3980.3 1.46 -0.5 1.4 263.5 14.5 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980919 pb-lw 3801.5 0.93 -0.5 -0.5 207.2 10.4 -0 . 0 1 -0 . 1 - O . l -0 . 1
980919 pb-2w 3902.7 -0.5 1.98 -0.5 214.8 9.4 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980919 pb-2w field dup ----- ----- ----- ----- ----- “ — — — --- -- —
980919 pb-3w 3966.9 4.59 -0.5 1.07 207.7 41.2 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
980919 pb-4w 3676.7 -0.5 2.16 -0.5 199.9 8 . 8 8 -0 . 0 1 -0 . 1 -0 . 1 -0 . 1
— not determined nr = not reported, ^
* below detection, value set to 1 / 2  (
Mn Fe Co Ni Cu Zn As Sr Y Zr
ICP200 ICP200 ICP200 ICP200 ICP200 ICP200 ICP200 ICP200 ICP200 ICP200
0.05 0.5 0 . 1 0 . 1 0.05 0.05 0.3 0 . 0 1 0.05 0 . 1
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
980616 egc-lw -0.05 -0.5 -0 . 1 -0 . 1 -0.05 0.07 14 0.03 -0.05 -0 . 1
980616 egc-lw  field dup -0.05 -0.5 -0 . 1 -0 . 1 -0.05 -0.05 13.2 0 . 0 2 -0.05 -0 . 1
980616 egc-2 w -0.05 -0.5 -0 . 1 -0 . 1 -0.05 -0.05 14.3 0.03 -0.05 -0 . 1
980616 egc-3w -0.05 -0.5 -0 . 1 -0 . 1 -0.05 -0.05 17 0.03 -0.05 -0 . 1
980617 os-1 w ------- ------- ------- ------- -  -  - — '  - ——— — -------
980617 os-2w -------- ------- ------- ------- ------- — — — -------
980617 os-3w ------- ------- ------- ------- —— ------- ——— —.—
980617 os-4w ------- ------- —  - ------- ------- ------- -------
980617 os-5w ------- ------- -------- -  -  — — -  - -  — - ------- ------- -------
980617 os-6 w ------- ------- ------- ------- ------- ------- -  -  - ------- -------
980617 os-7w ------- ------- ------- ------- ------- ------- ------- ------- -------
980720 pb-lw -0.05 -0.5 -0 . 1 -0 . 1 -0.05 0 . 1 1 23.6 0.04 -0.05 -0 . 1
980720 pb-2w -0.05 -0.5 -0 . 1 -0 . 1 -0.05 0 . 2 1 2 2 . 8 O.OI -0.05 -0 . 1
980720 pb-2w field dup ------- ------- ------- ------- ------- ------- - - - ------- -  -  - —
980720 pb-2w lab dup -0.05 -0.5 -0 . 1 0 . 1 1 -0.05 0 . 1 1 23.1 0 . 0 2 -0.05 -0 . 1
980720 pb-3w 0.05 -0.5 -0 . 1 -0 . 1 0.08 0.28 23.5 0.05 -0.05 -0 . 1
980919 pb-lw -0.05 -0.5 -0 . 1 -0 . 1 -0.05 0.16 23.8 0.04 -0.05 -0 . 1
980919 pb-2w -0.05 -0.5 -0 . 1 -0 . 1 -0.05 0 . 1 1 24.1 0 . 0 1 -0.05 -0 . 1
980919 pb-2w field dup --- --- - - - ------- ------- ------- ------- -------
980919 pb-3w -0.05 0.83 -0 . 1 -0 . 1 0 . 1 1 1.34 23.8 0.07 -0.05 -0 . 1
980919 pb-4w 0.05 -0.5 -0 . 1 -0 . 1 -0.05 0.07 2 2 . 6 0 . 0 1 -0.05 -0 . 1
— not determined nr = not reported, Os
* below detection, value set to 1 / 2  ( ^
Mo Ag Cd Sn Sb Ba La W Pb
ICP200 ICP200 1CP200 ICP200 ICP200 1CP200 ICP200 ICP200 ICP200
O.l 0.01 0.1 0.5 0.5 0.1 0.1 0.5 0.3
ppm ppm ppm ppm ppm ppm ppm ppm ppm
980616 egc-lw 0 . 2 0 . 0 1 -0 . 1 -0.5 -0.5 -0 . 1 -0 . 1 3.02 -0.3
980616 egc-lw  field dup 0 . 2 1 0.03 -0 . 1 -0.5 -0.5 -0 . 1 -0 . 1 2.47 -0.3
980616 egc-2 w 0.17 -0 . 0 1 -0 . 1 -0.5 -0.5 -0 . 1 -0 . 1 3.06 -0.3
980616 egc-3w 0 . 2 2 0 . 0 1 -0 . 1 -0.5 -0.5 -0 . 1 -0 . 1 3.25 -0.3
980617 o s-lw ------- ------- ------- ------- ------- ------- -------
980617 os-2w ------- ------- ------- ------- ------- ------- ------- -------
980617 os-3w ------- ------- ------- ------- ------- ------- ------- -------
980617 0S-4W ------- --- ------- ------- ------- ------- -------
980617 os-5w ------- ------- ------- ------- ------- ------- ------- -------
980617 os-6 w ------- ------- ------- ------- --- ------- ------- ------- — -  -
980617 os-7w ------- ------- ------- ------- ------- — ------- --- -------
980720 pb-lw 0.69 -0 . 0 1 -0 . 1 -0.5 1.09 0.17 -0 . 1 3.33 -0.3
980720 pb-2w 0.71 -0 . 0 1 -0 . 1 -0.5 0.94 -0 . 1 -0 . 1 3.35 -0.3
980720 pb-2w field dup ------- ------- — ------- ------- ------- — ------- -------
980720 pb-2w lab dup 0.77 -0 . 0 1 -0 . 1 -0.5 0.85 -0 . 1 -0 . 1 2.9 -0.3
980720 pb-3w 0 . 6 6 -0 . 0 1 -0 . 1 -0.5 1 . 0 1 -0 . 1 -0 . 1 3.02 -0.3
980919 pb-lw 0.79 -0 . 0 1 -0 . 1 -0.5 0.98 -0 . 1 -0 . 1 3.28 -0.3
980919 pb-2w 0.82 -0 . 0 1 -0 . 1 -0.5 1.04 -0 . 1 -0 . 1 3.31 -0.3
980919 pb-2w field dup --- ------- ------- ------- ------- — ------- ------- ”
980919 pb-3w 0.79 -0 . 0 1 -0 . 1 -0.5 1.06 0.37 -0 . 1 3.2 -0.3
980919 pb-4w 
mined nr = not reported, 
detection, value set to 1 / 2  (
0.78 -0 . 0 1 -0 . 1 -0.5 0.84 -0 . 1 -0 . 1 3.35 -0.3
ON
Bi
1CP200
Li
ICP200
B
ICP200
Si
ICP200
Source Sam ple Description
0.5
ppm
0 . 0 1
ppm
0 . 0 2
ppm
0.05
ppm
980616 egc-lw -0.5 2.59 2.67 51.6 TAK water/interflow
980616 egc-lw  field dup -0.5 2.5 2 . 6 8 52.4 TAK water/interflow
980616 egc-2 w -0.5 2.69 2 . 8 8 52 TAK water/interflow
980616 egc-3w -0.5 3.01 3.21 59.7 TAK water/interflow
980617 o s-lw --- --- --- TAK water/run-off channel. mats
980617 os-2 w --- --- --- TAK water/run-off channel. mats
980617 os-3w --- --- --- TAK water/run-off channel. mats
980617 os-4w --- --- --- TAK water/run-off channel. mats
980617 os-5w --- --- TAK water/run-off channel, mats
980617 os-6 w --- --- --- TAK water/run-off channel, mats
980617 os-7w --- --- --- TAK water/run-off channel, mats
980720 pb-lw -0.5 5.63 3.89 63.7 TAK water/interflow
980720 pb-2 w -0.5 5.46 3.77 160 TAK water/surface flow
980720 pb-2 w field dup --- --- --- TAK water/surface flow
980720 pb-2 w lab dup -0.5 5.23 3.72 154 TAK water/surface flow
980720 pb-3w -0.5 5.53 3.89 62.7 TAK water/interflow
980919 pb-lw -0.5 5.16 3.46 68.4 TAK water/interflow
980919 pb-2 w -0.5 5.01 3.46 148 TAK water/surface flow
980919 pb-2 w field dup --- --- --- TAK water/surface flow
980919 pb-3w -0.5 -0 . 0 1 0 . 0 2 -0.05 TAK water/interflow
980919
Tiined
pb-4w
nr = not reported,
-0.5 4.6 3.22 145 TAK water/spring
below detection, value set to 1 / 2  (
o\
Notes
980616 egc-lw  
980616 egc-lw  field dup 
980616 egc-2w
980616 egc-3w
980617 o s-lw  
980617 os-2w  
980617 os-3w  
980617 os-4w  
980617 os-5w  
980617 os-6 w 
980617 os-7w  
980720 pb-lw  
980720 pb-2 w 
980720 pb-2w field dup 
980720 pb-2w lab dup 
980720 pb-3w 
980919 pb-lw  
980919 pb-2w 
980919 pb-2w field dup 
980919 pb-3w 
980919 pb-4w
— not determined nr = not reported, 
* below detection, value set to 1 / 2  (
Dk brwn, cflexis? Thk healthy mat, completely submerged 
Lt brwn, cflexis? Patchy, less healthy mat, part, submrgd. 
Brwn/gm thk - omg substrt compl covrd, mostly submrgd. 
Brwn/gm patchy - omg substrt part covrd, part, submrgd. 
Org/brwn thk, well-def col with egg-like txtr, compl. submerg 
Wht/pnk/org mod def. colum, thk more resist txtr, part. subm. 
Wht/pnk/omg poorly def. col., thk leathery txtr, mostly dry
o\oo
Appendix C -  Bulk/Sinter Chemistry - Full Data Set
XRAL (416) 445-5755; Work Order No. 054190; Analyzed 2/26/99; Method: ICP95 Lithium Metaborate (LiB02) Fusion
Element Na Mg Al Si
Method ICP95 ICP95 ICP95 ICP95
Det. Limit 0.01 0.01 0.01 0.01
Units Depth (m) % % % %
PB-2 0.05 0.14 0 . 0 1 0.56 43.2
PB-5 0.26 0 . 2 0 0 . 0 1 0.46 41.1
PB - 6 0.315 0.25 0 . 0 2 0.70 41.8
PB - 6  Blind Dup. 0.315 0.24 0 . 0 2 0.69 41.2
PB-7 0.735 0 . 2 1 0 . 0 2 0.79 41.8
PB-9 0.965 0.16 0 . 0 2 0.61 41.5
PB-1 1 . 1 0.16 0.03 1.57 41.8
PB-1 Lab Dup. 1 . 1 0.13 0 . 0 2 1.38 41.6
lab precision %RSD 8.8% 14.1% 5.1% 0.7%
EGC-10 0.125 0.48 < 0 . 0 1 0 . 1 2 41.9
EGC-10 Lab Dup. 0.125 0.46 < 0 . 0 1 0 . 1 2 42.2
EGC-6 0.95 0.30 < 0 . 0 1 0.18 42.0
EGC-4 1.2 0.14 < 0 . 0 1 0.18 41.7
EGC-3 1.325 0.32 < 0 . 0 1 0.14 41.3
EGC-1 1.855 0.14 < 0 . 0 1 0.17 41.5
EGC-11 2.1 0.24 < 0 . 0 1 0.23 42.1
lab precision %RSD 3.0% #DIV/0! 0.0% 0.5%
RGM-1 Blind Std. 2.81 0.16 7.29 32.8
RGM-1 Std. Values (USGS OF — 2.9 0.18 7.2 NA
RGM-1 Recommended Values 3.02 0.17 7.3 34.3
accuracy error%RSD 4.9% 4.2% 0 . 1 % 3.1%
egc total error 7.9% #DIV/0! 0.1% 3.6%
egc true error 10.0% #DIV/OI 10.0% 10.0%
Os
Element Na Mg Al Si
Method ICP95 ICP95 ICP95 ICP95
Det. Limit 0.01 0.01 0.01 0.01
Units Depth (m) % % % %
pb total error 1 3 . 7 % 1 8 . 3 % 5 . 2 % 3.8%
pb true error 1 3 . 7 % 18.3% 1 0 . 0 % 1 0 . 0 %
egc error Na Mg Al Si
EGC-10 0 . 0 5 # D I V / 0 ! 0 . 0 1 4 . 1 9
EGC-10 Lab Dup. 0 . 0 5 # D I V / 0 ! 0 . 0 1 4 . 2 2
EGC-6 0 . 0 3 # D I V / 0 ! 0 . 0 2 4 . 2 0
EGC-4 0 . 0 1 # D I V / 0 ! 0 . 0 2 4 . 1 7
EGC-3 0 . 0 3 # D I V / 0 ! 0 . 0 1 4 . 1 3
EGC-1 0 . 0 1 # D I V / 0 ! 0 . 0 2 4 . 1 5
EGC-11 0 . 0 2 # D I V / 0 ! 0 . 0 2 4 . 2 1
p b  error
PB-2 0 . 0 2 0 . 0 0 0 . 0 6 4 . 3 2
FB-5 0 . 0 3 0 . 0 0 0 . 0 5 4 . 1 1
PB-6 0 . 0 3 0 . 0 0 0 . 0 7 4 . 1 8
PB-6 Blind Dup. 0 . 0 3 0 . 0 0 0 . 0 7 4 . 1 2
PB-7 0 . 0 3 0 . 0 0 0 . 0 8 4 . 1 8
PB-9 0 . 0 2 0 . 0 0 0 . 0 6 4 . 1 5
PB-1 0 . 0 2 0 . 0 1 0 . 1 6 4 . 1 8
PB-1 Lab Dup. 0 . 0 2 0 . 0 0 0 . 1 4 4 . 1 6
o
XRAL (416) 445-5755; W ork C 
Element Al/Si P K Ca Ti
Method ICP95 ICP95 ICP95 ICP95
Det. Limit 0.01 0.01 0.01 0.01
Units % % % %
PB-2 13.0 < 0 . 0 1 0.14 0.06 0 . 0 1
PB-5 1 1 . 2 < 0 . 0 1 0.14 0.06 < 0 . 0 1
PB - 6 16.7 < 0 . 0 1 0 . 2 1 0.06 0 . 0 1
PB - 6  Blind Dup. 16.7 < 0 . 0 1 0 . 2 0 0.06 0 . 0 1
PB-7 18.9 < 0 . 0 1 0 . 2 2 0.08 0 . 0 2
PB-9 14.7 0 . 0 1 0.18 0.09 0 . 0 1
PB-1 37.6 < 0 . 0 1 0 . 2 1 0.08 0.03
PB-1 Lab Dup. 33.2 < 0 . 0 1 0.19 0.07 0 . 0 2
lab precision VoRSD 4.4% #DIV/0! 5.3% 4.7% 14.1%
E G C -10 2.9 <0.01 0 .10 0 .23 <0.01
E G C -1 0  Lab Dup. 2 . 8 <0.01 0 .09 0 .22 <0.01
E G C -6 4.3 <0.01 0.04 0 .20 <0.01
E G C -4 4.3 <0.01 0 .04 0 .45 <0.01
E G C -3 3.4 <0.01 0 .05 0 .19 <0.01
EG C-1 4.1 <0.01 0 .03 0.21 <0.01
E G C -1 1 5.5 <0.01 0 .05 0 .16 <0.01
lab precision %RSD 0.5% #DIV/0! 7.4% 3.1% #DlV/0!
RG M -1 Blind Std. 3% <0.01 3 .36 0 .83 0 .15
RG M -1 Std. Values (U S G S  O F 0 .02 3.6 0 .9 0 .17
RG M -1 R ecom m ended Values  
accuracy error%RSD #DIV/0! #DIV/0!
3 .6
4.7%
0 .82
0.9%
0.16
4.4%
egc total error #D IV /0 ! #D IV /0 ! 12.2% 4 .0 % #D IV /0 !
egc true error 0 .2% #D IV /0 ! 12.2% 10.0% #D IV /0 !
-J
Element Al/Si P K Ca Ti
Method ICP95 ICP95 ICP95 ICP95
Det. Limit 0.01 0.01 0.01 0.01
Units % % % %
pb total error # D I V / 0 ! # D I V / 0 ! 1 0 . 0 % 5 . 6 % 1 8 . 6 %
pb true error 0 . 2 % # D I V / 0 ! 1 0 . 0 % 1 0 . 0 % 1 8 . 6 %
eg c  error Al/Si P K Ca Ti
EGC-10 0 . 0 1 # D I V / 0 ! 0 . 0 1 0 . 0 2 # D I V / 0 !
EGC-10 Lab Dup. 0 . 0 1 # D I V / 0 ! 0 . 0 1 0 . 0 2 # D I V / 0 !
EGC-6 0 . 0 1 # D I V / 0 ! 0 . 0 0 0 . 0 2 # D I V / 0 !
EGC-4 0 . 0 1 # D I V / 0 ! 0 . 0 0 0 . 0 5 # D I V / 0 !
EGC-3 0 . 0 1 # D I V / 0 ! 0 . 0 1 0 . 0 2 # D I V / 0 !
EGC-1 0 . 0 1 # D I V / 0 ! 0 . 0 0 0 . 0 2 # D I V / 0 !
EGC-11 0 . 0 1 # D I V / 0 ! 0 . 0 1 0 . 0 2 # D I V / 0 !
p b  error
PB-2 0 . 0 3 # D I V / 0 ! 0 . 0 1 0 . 0 1 0 . 0 0
PB-5 0 . 0 2 # D I V / 0 ! 0 . 0 1 0 . 0 1 # V A L U E !
PB-6 0 . 0 3 # D I V / 0 ! 0 . 0 2 0 . 0 1 0 . 0 0
PB-6 Blind Dup. 0 . 0 3 # D I V / 0 ! 0 . 0 2 0 . 0 1 0 . 0 0
PB-7 0 . 0 4 # D I V / 0 ! 0 . 0 2 0 . 0 1 0 . 0 0
PB-9 0 . 0 3 # D I V / 0 ! 0 . 0 2 0 . 0 1 0 . 0 0
P B -l 0 . 0 8 # D I V / 0 ! 0 . 0 2 0 . 0 1 0 . 0 1
P B -1 Lab Dup. 0 . 0 7 # D I V / 0 ! 0 . 0 2 0 . 0 1 0 . 0 0
w
XRAL (416) 445-5755; Work C 
Element Cr Mn Fe Sr Y
Method ICP95 ICP95 ICP95 ICP95 ICP95
Det. Limit 10 0.01 0.01 10 10
Units ppm % % ppm ppm
PB-2 < 1 0 < 0 . 0 1 0.05 < 1 0 < 1 0
PB-5 < 1 0 < 0 . 0 1 0.05 < 1 0 < 1 0
PB - 6 < 1 0 < 0 . 0 1 0 . 2 2 < 1 0 < 1 0
PB - 6  Blind Dup. 16 < 0 . 0 1 0.16 < 1 0 < 1 0
PB-7 < 1 0 < 0 . 0 1 0.15 < 1 0 < 1 0
PB-9 < 1 0 < 0 . 0 1 0.09 < 1 0 < 1 0
PB-l < 1 0 < 0 . 0 1 0 . 2 0 < 1 0 < 1 0
PB-l Lab Dup. < 1 0 < 0 . 0 1 0.19 < 1 0 < 1 0
lab precision %RSD #DIV/0! #DlV/0! 13.0% #DIV/0! #DIV/0!
EGC-10 <10 0.02 <0.01 <10 <10
EGC-10 Lab Dup. <10 0.02 <0.01 <10 <10
EGC-6 <10 0.02 <0.01 <10 <10
EGC-4 <10 0.02 <0.01 <10 <10
EGC-3 <10 0.02 <0.01 <10 <10
EGC-1 <10 0.02 <0.01 <10 <10
EGC-11 <10 0.02 <0.01 <10 <10
lab precision VoRSD #DlV/0! 0 .0 % #DlV/0! #DIV/0! #DlV/0!
RGM-1 Blind Std. <10 0.03 1.20 94 20
RGM-1 Std. Values (USGS OF 2.5 0.0278 1.35 107 23
RGM-1 Recommended Values 
accuracy error%RSD #DIV/0!
0.028
5I?4
1.30
5.4% #DIV/0! #DIV/0!
egc total error #DIV/0! 5.1% #DIV/0! #DIV/0! #DIV/0!
egc true error #DIV/0! 10.0% #DIV/0! #DIV/0! #DlV/0!
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XRAL (416) 445-5755; Work C 
Element Zr Nb Ba
Method ICP95 ICP95 ICP95
Det. Limit 10 10 10
Units ppm ppm ppm
PB-2 13 <10 44
PB-5 < 1 0 <10 35
PB - 6 19 <10 38
PB - 6  Blind Dup. 1 2 <10 41
PB-7 2 0 <10 60
PB-9 16 <10 56
PB-l 43 1 2 68
PB-l Lab Dup. 38 <10 50
lab precision %RSD 20.3% #DIV/0! 13.594
EGC-10 <10 <10 12
EGC-10 Lab Dup. <10 <10 <10
EGC-6 <10 <10 23
EGC-4 <10 <10 <10
EGC-3 <10 <10 25
EGC-1 <10 <10 13
EGC-11 <10 <10 <10
lab precision VoRSD #DIV/0! #DIV/0! #DIV/0!
RGM-1 Blind Std. 204 <10 755
RGM-1 Std. Values (USGS OF NA 8 827
RGM-1 Recommended Values 
accuracy error%RSD #DIV/0! #DIV/0! 6.2%
egc total error #DIV/0! #DIV/0! #DIV/0!
egc true error #DIV/0! #DIV/0! #DIV/01
LA
Element Zr Nb Ba
Method ICP95 ICP95 ICP95
Det. Limit 10 10 10
Units ppm ppm ppm
pb total error #DlV/0! #DIV/0! 19.6%
pb true error 20.3% #DIV/0! 19.6%
egc error Zr Nb Ba
EGC-10 #DIV/0! #D!V/0! #DIV/0!
EGC-10 Lab Dup. #DIV/0! #DIV/0! #DIV/0!
EGC-6 #DIV/0! #DIV/0! #DIV/0!
EGC-4 #DIV/0! #DIV/0! #DIV/0!
EGC-3 #DIV/0! #DIV/0! #DIV/0!
EGC-1 #DIV/0! #DIV/0! #DIV/0!
EGC-11 #DiV/0! #DIV/0! #DlV/0!
pb  error
PB-2 2.64 #DIV/0! 8.64
PB-5 #VALUE! #DIV/0! 6.87
PB-6 3.86 #DIV/0! 7.46
PB-6 Blind Dup. 2.44 #DIV/0! 8.05
PB-7 4.06 #DIV/0! 11.78
PB-9 3.25 #DIV/0! 10.99
PB -l 8.73 #DIV/0! 13.35
P B -l Lab Dup. 7.71 #DIV/0! 9.81
ON
